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Chapter 1 
Introduction
The common approach of physics is to describe the world in terms of sim­
ple laws acting on basic components. This apparently harmless principle, 
called reductionism, has far reaching consequences, since once we know 
such basic components and their interactions, we can describe composite 
particles such as protons and neutrons, and therefore atoms, molecules, 
and eventually also life, consciousness, and the whole cosmos. Theoret­
ical physicist such as Stephen Hawking [2], who describes himself as an 
“unashamed reductionist” , believe indeed that only a very powerful com­
puter is needed in order to go up in the scale of complexity from subnu- 
clear particles to the universe. For this reason, the theoretical physicists 
are struggling for centuries to find the “equation of everything” , i.e. the 
simple formula (possibly without boundary conditions) that can describe 
the world [1 ],
On the basis of many discoveries in different fields of science, however, 
this approach has been seriously questioned in recent years. In solid state 
physics, for example, phenomena like superconductivity and the Fractional 
Quantum Hall Effect [3] (FQHE) cannot be properly explained in terms 
of the properties of single electrons, but rather by taking into account the 
cooperation of all the electrons present in the structure, and also their 
interaction with the lattice (superconductivity) or the rest of the sample 
(FQHE), In other words, such systems behave in a way that cannot be 
simply inferred by just considering the sum of their components. The No­
bel Laureate Robert Laughlin, in a seminar given at the 13i/l international 
conference on Electronic Properties of Two-dimensional Systems held in
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Ottawa in August 1999, expressed the opinion that the FQHE can still 
have unexpected and fundamental implications. Whatever the answer will 
be, it is anyway fascinating that these systems show quantum-mechanical 
properties on a macroscopic level.
As in going from one electron to a two-dimensional electron gas 
(2DEG) we obtain a system that can display the FQHE, if we place two 
layers of opposite charge close to each other, new and complex phenom­
ena will arise. In this thesis, we will address to this problem, focusing on 
2D electron-hole (e — h) layers of equal density. The complexity of the 
physical picture arises because of the competition between the in-plane re­
pulsive interaction (e — e) and the inter-plane attractive ones (e — h). The 
gamut of possibilities ranges from the excitonic insulator [4-10] to the 
dipole-densitv wave, [9, 10], the double Wigner crystal, and the double 
FQHE [9-11].
We will, in particular, consider the case in which the inter-laver dis­
tance is comparable to the effective Bohr radius re  (for GaAs re  ~  12 
nm), the typical length of the Coulomb interaction. Under these condi­
tions, electrons and holes from different layers may bind into an hvdrogen- 
like excitation that is called indirect exciton (IE) and has a binding energy 
of the order of 1 meV, The excitons themselves are complex excitations 
that arise from the mixing of all the electron states, and it is actually fas­
cinating that such quasiparticles behave in most cases just as independent 
hvdrogen-like particles, each made up of one electron plus one hole.
When the exciton is indirect in real space, i.e. when electrons and holes 
are spatially separated as in our case, they have a much longer lifetime (up 
to almost 1 //sec) than 2D excitons (~  1 nsec), and can therefore reach 
thermodynamic equilibrium and low effective temperatures [6 - 8 ], They 
may thus realize the several phases predicted to occur at low temperatures 
[T < 10 K (1 meV)], and possibly show macroscopic phase coherence [4­
10], In particular, indirect excitons are neutral bosons that could condense 
into a superfluid state [6 - 8 ], With respect to real atoms [13], indirect 
excitons are very attractive because of their light mass, which is expected 
to allow condensation at T  ~  1 K, rather than in the //Kelvin regime [7], 
Nevertheless, the only evidence for condensation of IE reported to date 
[7, 8 ] was strongly affected by the presence of a random potential.
The experimental study of IE at low temperature is very complex, be­
cause of the subtleties of their microscopic properties and the presence of
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processes with similar energy scales, which arise from inhomogeinities of 
real devices. For this reason, most of the studies done so far have been the­
oretical [4-10] whereas the experimental understanding has been lagging 
behind. Nevertheless, technology has recently made available semiconduc­
tor devices of high quality, such as the GaA s/A l^G ai^A s heterostructures 
studied here, on which these studies can actually be performed. The 
single-barrier heterostructures (SBH) and Asymmetric Double Quantum 
Well (ADQW) structure discussed in this thesis are grown by moleeular- 
beam epitaxy with monolayer accuracy, which allows the study of pro­
cesses with typical energies of the order of 1 meV, The advances in the 
technology of sample growth has important consequences not only for fun­
damental science, but also for technological applications [14],
In this thesis, we study the transport and optical properties of spatially 
separated 2D e — h layers, with a particular attention to the behavior of 
IE subject to magnetic fields (B) either perpendicular or parallel to the 
2D layers. The effect of the magnetic field is to confine electrons and 
holes - and thus the whole exciton - into cyclotron orbits with radius 
(the magnetic length) inversely proportional to the square root of B. The 
regime of high magnetic fields, of interest for this Thesis, correspond to the 
situation in which the magnetic length is comparable to, or smaller than, 
the typical confinement length. The above-mentioned QHE arises when 
the field is perpendicular to a 2DEG, In this case, the field quantizes 
the energy of the carriers into OD-like states called Landau levels. We 
studied the properties of IE’s in the regime of the QHE, as well as when 
B  is parallel to the 2D layers. We will show that the latter configuration 
provides a new technique for probing the energv-momentum dispersions 
of the exciton center-of-mass.
The Thesis is divided in two sections, according to the two types of 
samples measured. In section I, we describe the transport (Chapter 3) and 
optical (Chapter 4) properties of single-barrier heterostructures (described 
in Chapter 2), In these systems, the e — h distance de^ h is about 2rB, and 
the IE are very weakly bound (~  0,1 meV at B  =  0), In this regime, we 
observed the transition from a gas of weaklv-bound IE to the uncoupled 
e — h layers (Chapter 3), which is the main result of this section. In section
II, we discuss optical measurements of an ADQW, In this sample, de^h ~  
tb and the IE are well formed and have a binding energy of ~  3,5 meV at 
B  =  0, In Chapter 5, we will show the sample, the experimental set-up,
19
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and the measurements performed with a magnetic field perpendicular to 
the 2D layers. Finally, we will show in Chapter 6  the measurements with a 
magnetic field applied parallel to the 2D planes. The latter configuration 
allowed us to directly probe for the first time the exciton center-of-mass 
dispersion by means of optical measurements. From a fundamental point 
of view, this achievement could be reached by simultaneously breaking 
spaee-inversion and time-reversal symmetries for our ADQW in a parallel 
magnetic field,
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Part I
Indirect excitons in 
G aA s/A lA s single barrier 
heterostructures

Chapter 2
Structure and 
Characterization
A bstract
In this section, we show the description and characterization 
of the 1 2  nm thick GaAs/AlAs single-barrier heterostructures 
(SBH) that will be studied in Chap, 3 and Chap, 4, In these 
structures, under forward bias, electrons and holes accumulate 
at opposite sides of the AlAs layer into two two-dimensional 
(2D) gases of equal and tunable density, which was determined 
by measurements of the electron tunnel current in a magnetic 
field perpendicular to the layers. At high biases, the system 
behaves as a parallel-plate capacitor in which the 2D gases 
are separated by a distance d =  25 nm, whereas for densities
< 2,5 101 1  cm"2, corresponding to indirect-exciton formation, 
the behavior is markedly nonlinear.
Since the early days of Molecular Beam Epitaxy (MBE) [1], Single 
Barrier Heterostructures (SBH) have been among the most studied meso­
scopic systems [2], A considerable interest came from electron tunneling,
Parts of this work have been published in:
A, Parlangeli, P. C, M, Christianen, A, K, Geim, J, C, Maan, L, Eaves, 
P. C, Main, and M, Henini, Phvs, Stat, Sol, (a) 164, 587 (1997); Phvs, 
Rev, B 60, 13 302 (1999); accepted for publication in Phvsica E (2000),
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which is important both for fundamental reasons and for device applica­
tions [3, 4], The tunneling properties of SBH have been used extensively 
also for the study of a two-dimensional electron gas (2DEG), A 2DEG 
can be realized at the emitter of n — i — n SBH structures under external 
bias, and its properties can be accurately determined by measuring the 
tunnel current, BenDaniel and Duke [5] initially proposed that tunnel­
ing could provide information about accumulation layers. Following their 
suggestion, a large variety of semiconductors were investigated, including 
InAs [6], PbTe [7], ZnO [8], Si [9], InSe [10], Te [11], Hg^Cdi^Te [12], and 
lti.r(ia i .,.A* [13], After the pioneering work of Hickmott [14], the magne- 
totunneling of high-mobilitv GaAs/Al^Gai-^As n — i — n SBH has been 
extensively studied (see Ref, [15, 16] and references therein). More re­
cently, also the tunneling via X-valley-related states [17] and 0D impurity 
states [18] in the A!.rG;i| .,.A* barrier has received a lot of attention.
In contrast, very little is known about p — i — n SBH, The differ­
ence with n — i — n structure consists in the presence of the hole doping, 
which introduces-under forward bias-a 2D hole gas (2DHG) in the collec­
tor, This addition qualitatively changes the physics of the system, since 
the e — h attraction can couple electrons and holes from different layers 
into indirect excitons (IE), Already in 1978, Kuramoto and Horie [19] have 
realized that single-barrier heterostructures can be used for the study of 
spatially-indireet excitons. Nevertheless, it is only very recently that these 
structures have been actually grown and studied [17, 20-23], In these sys­
tems, when an external voltage is applied under forward bias, electrons 
and holes accumulate at opposite sides of the AlAs layer. The electron 
(hole) density is tuned by the applied voltage, which allows to change the 
e — e (h — h) distance, and thus the intra-laver repulsion, while keeping 
the inter-laver attraction almost unchanged.
2.1 The Structure
The layer composition of the devices we studied is: p-doped substrate,
2  ¡xm p-doped GaAs (4 x 1 0 1 8 m-3), 100 nm of GaAs with lower doping 
( 1  x 1 0 1 7 m-3), 100 nm undoped GaAs, 1 2  nm AlAs barrier, 100 nm un­
doped GaAs, 100 nm n-doped GaAs ( 2  x 1 0 1 6 m-3), 500 nm n-doped GaAs 
(4 x 1 0 1 8 m-3), The samples were grown at 630 °C with mono-laver pre­
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cision by molecular beam epitaxy in the [100] and [311] a crystallographic 
directions (we found the most important results on the sample grown in 
the [311]a direction, which is studied in Chap, 3) and were processed in 
circular mesas with optical access, p-doping was produced by Beryllium 
and Silicon for the samples grown in the [100] and [311]a direction, re­
spectively; n-doping was achieved by Silicon in both cases [24], Samples 
grown on a n-doped substrate were examined as well,
A schematic band diagram of the device under forward bias is shown 
in Fig, 2,1, together with the calculated wavefunetions of electrons (e, 
m e =  0,0665 m0, where m e and m 0 are the effective and free electron 
masses, respectively) and holes (h, rnh =  0,5 m0, where rnh is the heavy 
hole mass in the [311]a direction). We calculated the band-profile and the 
wavefunetions by solving self-eonsistentlv the Poisson and the Schrödinger 
equations of our structure for a given charge density. We assumed that the 
chemical potentials of the e and h gases are separately aligned to the ones 
in the respective doped regions (thermodynamic quasi-equilibrium), which 
implies that electrons and holes have equal density. This assumption is 
equivalent to neglecting the tunneling current (Fig, 2,1) flowing through 
the device and we expect it to be well satisfied in our experiment.
We calculated the electron and hole wavefunetions independently, by 
solving the Poisson and the Schrödinger equations in the region of the 
emitter (100 nm GaAs) and the barrier ( 1 2  nm AlAs), We took an infi­
nite potential barrier in the collector, i.e we fixed the boundary condition 
that the wavefunetions are equal to zero at the end of the barrier. This ap­
proximation, which is consistent with our assumption of thermodynamic 
quasi-equilibrium, was made in order to avoid unwanted solutions in the 
collector, since our program was evaluating the lowest-energv state of the 
input potential profile.
We estimated the average e — h distance de^h nm from the distance 
between the maxima of the wavefunetions. In the regime of our interest, 
de^ h is of about 25 nm and is only slightly (less than 1% in the region of 
our interest) decreasing with increasing bias. The results did not change 
significantly for the structures grown in the [1 0 0 ] direction, which have 
an HH mass of ~  0,35 m 0. We stress that, as shown in Fig, 2,1, the 
voltage applied to the structure is proportional to the chemical potential 
ße-h =  eF  of the e-h system, which is defined as the energy required 
to add an unbound e-h pair. This property allows to directly link the
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thermodynamic properties of the e — h system to its electrical behavior, 
as we will notice at the end of the next Chapter (3,2,1),
Figure 2,1: Band diagram and wavefunetions of the sample studied. The 
GaAs undoped layers are 1 0 0  nm thick and are not in scale, I is the 
measured current (not included in the model) due to electron tunneling.
28
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2.2 Characterization of the Sample
2.2.1 Tunneling
We characterized our structure by measuring the tunnel current flowing 
through the device in the growth direction. Tunneling is a phenomenon 
that arises from the wave-like nature of microscopic objects (such as elec­
trons and holes) and has no analogue in classical physics. It consists in the 
finite probability that the carriers have to go through an energy barrier. 
The probability decreases exponentially with the thickness of the barrier, 
the square root of its height, and the mass of the carriers. In our structure, 
therefore, the tunneling probability of holes is much smaller than that of 
electrons and can be neglected. The tail of the electron wavefunetions, in 
contrast, extends into the collector, generating a current flow through the 
AlAs barrier also in the limit of zero temperature (see Fig, 2,1),
2.2.2 I ( V )  curves at T  =  4.2 K
The / (T ) characteristics of the device, al II =  0 and T  =  4,2 K, are 
shown in Fig, 2,2, Flat-band conditions occur in our devices at ~  1,52 
V, corresponding to the GaAs band gap of 1,52 eV, We determined this 
value by measuring the voltage at which the current changes sign in the 
presence of laser excitation. The I ( V ) measurements without illumination 
(Fig, 2,2) are consistent with this value, although we were not sensitive 
to currents below 1 pA, corresponding to voltages below 1,55 V (see Fig, 
2.2).
At slightly higher biases (~  1.55 - ~  1.6 V), electrons and holes begin 
to accumulate at opposite sides of the barrier forming a diluted gas of 
IE. Neves et al. [20] have reported that the signature of this low-densitv 
state at T  < 10 K is the presence of peaks in the tunnel current, which 
arises from the resonant tunneling from indirect excitons across the barrier 
to direct excitons in the collector. In contrast, the regime of high bias 
has been studied by Teisser, Finley, et al. [17, 21] in relation to T — X  
tunneling. As illustrated in Fig. 2.2, we observed a very similar behavior 
on our structure for biases higher than ~  1.7 V.
In the intermediate regime, delimited by a box in Fig. 2.2, we observed 
a step-like feature that has never been observed on n — i — n devices of
29
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£<D§
o
Applied Voltage (V)
Figure 2,2: I ( V ) characteristics at T  = 4,2 K and B  =  0, The regime 
of high current was studied by Teisser et al. [17], whereas the regime of 
low current, close to flat band conditions, was studied by Neves et al. in 
Ref, [20], In Chap, 3, we will focus on the intermediate regime, on the 
new feature delimited bv a box.
similar layer sequence (see, for instance, [15, 16, 18]), We believe therefore 
that such a feature, which corresponds to de_e ~  de-h ~  25 nm, originates 
from the presence of the additional hole layer.
2.2.3 D eterm ination  o f the density
In order to further characterize our sample, we determined the density n 
of the 2D e — h gas by measuring the magneto-oseillations of the tunnel 
current at fixed voltage under a sweep of magnetic field perpendicular to
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the layers. This technique is based on the fact that the magnetic field B  
quantizes the Density of States (DOS) of a 2D electron gas (2DEG) into 
Landau levels (LL’s) with degeneracy e B /h , separated by the cyclotron 
energy Hujc =  heB/rri (m is the effective mass) [22, 23],
The tunnel current, which in our 2D system is proportional to T n  [n 
is the density and T (E 0) is the tunneling probability, which depends on 
the quantized energy E0 of the 2DEG, See also Ref, [16]] is modulated by 
the electron energy E0, which depends on the filling factor because the 
Fermi level of the 2DEG is pinned to both the lowest occupied LL and to 
the Fermi level (fixed by the applied voltage) in the doped regions. This 
condition induces a self-consistent rearrangement of the band profile when 
B  is swept [15], which modulates the tunneling current with periodicity 
EpfhiOc oc 1/i? (where Ep  is the Fermi Energy, i.e. the difference between 
the Fermi level and E$), allowing the determination of the electron density 
[25], We cannot probe the hole density directly (because of their heavy 
mass, see 2,2,1), but we stress that both the 2D e and h gases, having 
the same density, are expected to reach the same filling factor at the same 
magnetic field.
In Fig, 2,3, we show with circles the measured values of the density. In 
the same figure, we show for comparison the density as a function of volt­
age, calculated with the simple model (line) of a parallel-plate capacitor. 
The line corresponds to a capacitance C  =  4,5 10- 3  Fm " 1  (d ~  25 nm, 
in agreement with our numerical calculations mentioned in Section 2,1), 
and zero density at 1,52 V (flat-band). The model nicely describes the 
experiment at high bias, but it breaks down at applied voltages V  < 1.65 
V, which corresponds to a critical density n* pz 2,5 101 1  cm“2. In this 
regime, which is thoroughly discussed in Chapter 3, the inter-laver e — h 
attraction is comparable to, or stronger than, the intra-laver e — e (h — h) 
repulsion, and IE can form. Our data at high density are fully consistent 
with previous literature [14, 17, 21], and we observe, up to the highest volt­
ages considered, that only the lowest heavv-hole and electron subbands 
are populated [14, 17, 21],
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Figure 2,3: Density of the e — h gas as a function of bias. The circles are 
determined experimentally from the magneto-oseillations of the tunnel 
current at fixed applied voltage. The line corresponds to a parallel-plate 
capacitor with d =  25 nm (C  =  4,5 10- 3  Fm "1) and zero density at 1,52 
V (flat band). The density below which IE are observed is indicated with 
a n* (dotted line).
2.3 Advantages and disadvantages of 
single-barrier heterostruetures
With respect to DQWs, p-i-n SBH’s have several advantages for the study 
of spatially separated 2 D e - / i  layers. First of all, for sufficiently thick bar­
riers (~  1 0  nm for GaAs/AlAs structures), recombination and tunneling 
times are much longer than the carrier relaxation times, and the carriers 
are able to reach the lattice temperature. In other words, the system is
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expected to reach thermodynamic quasi-equilibrium, in which the chem­
ical potentials of the e and h gases are separately aligned to the ones in 
the respective doped regions, which implies that ne =  rih (ne are rih the 
electron and hole density, respectively). Under this condition, a neutral 
gas of excitons can form, without the presence of charged carriers which 
can significantly affect the IE properties [19], Additional advantages of 
SBH are the possibility of tuning the density with the applied voltage and 
the presence of only two interfaces, which allows high in-plane mobility. 
Nevertheless, SBH do not allow a reliable study of coupled e — h layers 
in the regime of small e — h separation, since a decrease of the width of the 
AlAs barrier corresponds to a strong increase of the tunnel current, which 
induces a potential drop across the undoped regions, relaxes the condition 
ne =  nh, and can eventually yield substantial heating. In practice, the 
AlAs Barrier cannot be thinner than ~  10 nm, which poses a limit to the 
minimum e — h distance that can be obtained in these structures (d > 25 
nm). As discussed in Part II, the regime of d < 25 nm can be studied by 
optical spectroscopy on biased DQW’s,
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Chapter 3 
Transport m easurem ents
A bstract
We observed a new discontinuity and bistability in the tun­
nel current of the 1 2  nm GaAs/AlAs single-barrier p-i-n het­
erostructure described in Chap, 2, Both features appear at 
T  < 300 mK and are substantially enhanced in a magnetic 
field B  > 10 T perpendicular to the layers, whereas they are 
suppressed by B  ~  1 T parallel to the layers. They correspond 
to a discontinuity in the e-h density and in the phase of the 
current magneto-oseillations, which we suggest to arise from a 
transition between the uncoupled e-h gases and indirect exci­
tons with binding energy of ~  0,1 meV and ~  1 meV at B=0 
and 10 T respectively.
This Chapter presents the tunnel study of the 12 nm single-barrier p- 
i-n GaAs/AlAs/GaAs heterostructure [Fig, 2,1] illustrated in Chapter 2, 
and we focus here on the novel feature, which we recall in Fig, 3,1a, that 
we observed in the I ( V ) curve at 4,2 K, We will show that this feature 
becomes discontinuous and bistable at T  < 300 mK and strongly enhances 
in a magnetic field of ~  10 T perpendicular to the layers. We will interpret
Parts of this work have been published in:
A, Parlangeli, P. C, M, Christianen, A, K, Geim, J, C, Maan, L, Eaves, 
P. C, Main, and M, Henini, Phvsica B 256-258, 531 (1998); Phvs, Rev, 
B 60, 13 302 (1999); accepted for publication in Phvsica E (2000),
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our data as a transition, between a gas of Indirect Excitons (IE) and the 
uncoupled 2D e — h layers.
The Chapter, which is the most important of Part I, is organized as 
follows: we show in section 3,1 experimental results of the temperature 
dependence (3,1,1), the magneto-oseillations at constant bias (3,1,2), the 
magnetic field dependence (3,1,3), and the in-plane magnetic field (3,1,4), 
In 3,2 we discuss the experimental results and, while presenting other 
possibilities, we explained our data in terms of the above-mentioned tran­
sition, Finally, we show our conclusions in section 3,3,
3.1 Experim ent
The experiments were performed in home-made ervostats able to reach 1,2 
K (4He system), 300 mK (3He system), and 50 mK (Dilution refrigerator
[1]), Magnetic fields of up to 20 T were applied by means of resistive 
Bitter magnets. The electrical measurements were perfomed by applying 
a bias with a Voltage source and deducing the current flow by measuring 
the Voltage drop through a 1 kfi resistor connected in series.
In Fig, 3.1(a) we recall the I(V )  characteristics of our device at B  = 0 
and at T  = 4,2 K (also shown in Fig, 2,2), and we show the I ( V ) at 
T  = 70 mK in Fig, 3.1(b), As the temperature decreases, we notice 
the appearance of a novel bistability in the I(V),  which is accompanied 
by a discontinuity in the tunnel current of a factor of two. We have not 
observed such behavior on n — i — n devices of similar layer sequence (see 
also [2-4]), where only a 2D electron gas is formed on the emitter, and we 
thus believe that the feature originates from the presence of the additional 
hole layer.
The transport properties discussed in this Chapter were all measured 
on the sample grown in the [311] a direction (which is expected to have an 
high in-plane hole mobility [5]), and were reproduced on different mesas. 
We measured also the tunnel properties of samples grown in the [100] di­
rection, but they did not show the discontinuities discussed here, although 
some smeared features appeared at high magnetic field also in this case.
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Figure 3,1: (a) The I(V )  eharaeteristies at T  = 4,2 K and B  = 0 already 
shown in Fig, 2,2, We focus in this Chapter on the intermediate regime 
delimited by a square, (b) Hysteresis of the tunnel current at B  = 0 
and T  = 70 mK, showing the transition between “high-current state” 
(HCS, upper branch) and “low-current state” (LCS, lower branch). The 
measured points are shown as filled and open circles for sweep up and 
down, respectively.
3.1.1 Tem perature D ependence and Stability
As shown in Fig, 3.1(b), we denote the states corresponding to the upper
and lower branch of the bistabilitv “High Current State” (HCS) and “Lowv 3 9
Indirect excitons in GaAs/AlAs single barrier heterostructures
Ö<D
u
Applied Voltage (V)
Figure 3,2: I(V )  curves at B=0 and T=70 mK, 4,2 K, and ~  50 K, 
At T=70 mK, the sweep up and down are indicated by filled and open 
circles, respectively. In the inset, we show the Arrhenius plot of the current 
difference AI between HCS and LCS at the center of the transition. The 
temperature dependence suggests a typical energy of the order of ~  30 
fj,eV for the transition.
Current State” (LCS), respectively. The hysteresis of Fig, 3.1(b) is very 
suggestive of an abrupt transition between the HCS and the LCS. In 3.2 
we will identify the LCS and HCS with a gas of IE and the uncoupled 
e — h layers, respectively.
In order to gain further insight on the energy scale of the bistability, we 
investigated the temperature dependence of the I(V )  curves The results 
are plotted in Fig. 3.2 and show that if the temperature increases, the 
bistability reduces in size and shifts to lower biases and higher currents
4 0
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(the curve corresponding to T ~  50 K is offset for comparison). Both the 
bistability and the discontinuity disappear at temperatures higher than 
T* ~  300 mK (~  30 //eV), but a smeared feature in the I(V)  survives 
up to T  =  4,2 K (~  0,5 meV), At temperatures around 50 K, the single 
exponential behavior typical of a p-i-n diode is recovered.
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Figure 3,3: Hysteresis at T=70 mK and 4,2 K, in a magnetic field B=10,5 
T perpendicular to the layers, which suggests a typical energy scale of the 
order of 1 meV, The sweep up and down are indicated by filled and open 
circles, respectively.
In the inset of Fig, 3,2, we show the current difference A I  (in loga­
rithmic scale), measured at the center of the transition, between HCS and 
LCS, The voltage position and bistability width have a similar behavior, 
which saturates at low-temperatures T  ~  800 mK, The saturation might 
be either intrinsic to the physical process involved, or due to the satu-
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ration of the electronic temperature to ~  800 mK, We do not have the 
possibility of discriminating between the two effects, and throughout the 
whole paper, we therefore only report the bath temperature.
Figure 3,4: Comparison between the I(V )  curves (filled circles) and the 
Voltage measurements at fixed current (open circles). The system is un­
stable when a fixed current is applied between the two branches of the 
hysteresis.
In the presence of a magnetic field B  = 10 T perpendicular to the lay­
ers, the bistability width, the current discontinuity, and the temperature 
T* increase by an order of magnitude, as shown in Fig, 3,3, Also in this 
case, upon an increase of temperature, the bistability reduces in size and 
shifts to lower biases and higher currents. The temperature behavior of 
the voltage position (Inset of Fig, 3,3), current discontinuity and bista­
bility width is similar to the one at B  = 0, but we observe the bistability
10
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up to T  =  4,2 K, which points to an energy scale of the order of 1 meV, 
one order of magnitude bigger than at B  =  0,
At B  =  10,5 T, we have also studied the stability of LCS and HCS, 
Both the states are stable at constant bias, for at least 15 minutes; transi­
tions from either of the states to the other could be triggered by electrical 
noise. In contrast, if we apply a fixed current in the region of negative 
differential conductance (1 nA to 5 nA), we observe that V  is unstable 
between the two values (1,646 V and 1,653 V) at which the discontinuity 
occurs (Fig, 3,4),
3.1.2 M agneto-oseillations of the tunnel current
We have further characterized the LCS and HCS by measuring the tunnel 
current as a magnetic field perpendicular to the layers was swept at fixed 
applied voltage (i.e. at fixed chemical potential fj,e-h = eV) [3, 4], In Fig, 
3,5, three typical traces measured at T  = 1,2 K are shown: one in the 
LCS (1,642 V), another in the HCS (1,66 V), and an intermediate one 
at the transition (1,645 V), These sweeps show general properties and do 
not strictly refer to Fig, 3,1, since the details of the bistability (position, 
width and current discontinuity) depend on temperature and magnetic 
field, as discussed above.
The magneto-oseillations (MO) of the tunnel current arise from the 
effect of the magnetic field B  on the density of states (DOS) of the two­
dimensional electron gas (2DEG), as discussed in the previous section, the 
minima corresponding to the self-consistent rearrangement of the band 
profile at integer filling factor. The physical properties of the system are 
therefore determined by the filling factor y =  nh /eB  (n is the density), 
which is the number of occupied LL’s, The minima occur approximately 
at integer filling factor (we resolve spin splitting), at fields given by:
B„ = =* =  * .  (3.1)
ev v
From the analysis of Eq, 3,1, we found that the HCS and LCS have 
very different behavior. The values of the densities deduced from Eq,
3,1 are shown in Fig, 3.6(b), and the behavior is clearly non-linear at the 
transition. The HCS oscillations can be described by Eq, 3,1, with a linear
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Figure 3,5: Magneto-oseillations (MO) traces for V  =  1.66 V (“High Cur­
rent State” or HCS), V  = 1.642 V (“low-current state” or LCS) and at 
an intermediate value V  = 1.645 V which shows the bistable behavior. 
The marked difference between the maxima positions of LCS and HCS 
(marked by open circles for 1  < v < 2 ) indicates a qualitative difference 
in the DOS (since the chemical potential lies in the LL, see text).
dependence of n on V, as expected from a normal 2DEG [6 ] [upper dotted 
line in Fig. 3.6(a)], In contrast, the LCS shows a systematic deviation, 
and a linear 1 /B  dependence can only be obtained when v is replaced by 
u — a  [0,2 < a  < 0,25, See the inset of Fig, 3.6(b) for V  = 1.642 V], 
corresponding to a phase shift of 60° to 90° (a * 360°) [Fig. 3.6(b)],
Furthermore, in the bistable region, the LCS and the HCS show dif­
ferent densities at the same applied voltage (i.e. at the same chemical 
potential), as can be seen by sweeping B  around the u =  1 minimum in
4 4
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Figure 3.6: (a) Density of the e — h layers as a function of the applied 
voltage. The filled dots are extracted from the 1/ B  periodicity of the 
minima at T = l,2  K (see Fig. 3.5), whereas the open triangles are obtained 
from the ¿>=2/3 minima at T=70 mK, The square is obtained from the 
v =  1 minimum in Fig. 3.7. In the critical region, the system can be in 
one of two states with different density (see Fig. 3.7). (b) Phase shift of 
the M O  at fixed bias. The inset shows a plot of 1/ B  vs v for V  =  1.642 
V. All the data refer to current minima.
both directions. In Fig. 3.7, we plot both curves together for V  =  1.646 V. 
We observe that the minimum in the MO is realized at a lower field (thus
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Figure 3.7: Bistability in the tunnel current around u = 1 obtained by 
sweeping magnetic field up (filled circles) and down (open circles) at V 
= 1.646 V and T  = 1.2 K. The v =  1 minimum occurs at different fields 
for the “Low Current State” (LCS) and the “high-current state” (HCS), 
which demonstrate that the two regimes have different density at the same 
bias.
1
lower density) for the LCS (10.5 ±  0.1 T) than for the HCS (11.5 ±  0.5 
T), and that the difference between the densities is about 10%. The HCS 
density deduced from Fig. 3.7 is plotted in Fig. 3.6(a) with a square.
When the temperature is further decreased to 70 mK, small dips ap­
pear in the HCS MO at v= 2/3, as shown in Fig. 3.8. These minima are 
not visible in the LCS (Fig. 3.8) and disappear at T = l,2  K (Fig. 3.5); 
moreover, they allow the accurate determination of the HCS density at 
the transition. The values of the density obtained in this way naturally 
extend the ones deduced from the analysis of the full 1 /B  periodicity at 
T = l,2  K [7], as show in Fig. 3.6(a). Our data show that in the region 
of bistability (~  1.650 V) the system can be in one of two stable (or 
metastable) configurations of different density, in quantitative agreement
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Figure 3,8: Magneto-oscillations of the tunnel current at T=70 mK and 
fixed bias V  =  1.64 V (LCS) and 1,65 V (LCS+HCS), The fractional 
feature at v =  2/3, which is expected in a 2DEG, is observed only in the 
HCS and at T=70 mK, Also this observation demonstrates that HCS and 
LCS have very different properties.
with the bistability of the MO upon a sweep of magnetic field (Fig, 3,7),
From the values of the density as a function of applied voltage, we can 
estimate the capacitance per unit area edn/dV.  As shown in Fig, 3.6(a), 
the capacitance is 4.5 and 3.5 Fm“2 in the HCS and LCS, respectively, 
corresponding to a capacitor with interlayer distance of ~  25 nm and ~  30 
nm, respectively.
We would like to stress that all the differences in the MO clearly show 
that LCS and HCS have a qualitatively different DOS. Already at a first 
sight at Fig. 3.5, it is clear that the oscillations of LCS and HCS are
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quite distinct in nature. For example, the positions of the maxima differ 
considerably in the two states, as can be clearly seen for the maxima at 
1 < v < 2 (marked by circles in Fig, 3,5), Since the maxima in the 
current occur when the Fermi Energy (fixed by the contacts) lies in the 
middle of a LL (swept by the magnetic field), the observed discontinuity 
of the maxima positions directly witnesses a qualitative change of the 
DOS of the LCS and the HCS, which is also confirmed by the change 
of the phase observed from the minima positions [Fig, 3.6(b)], Other 
qualitative differences include the suppression of the u = 1 minimum and 
the suppression of the current at high magnetic fields only for the LCS 
(Fig. 3.5).
In summary, the analysis of the MO shows strong differences between 
LCS and HCS, thus suggesting that the bistability arises from an hvstereti- 
cal transition between the two. In particular, whereas the HCS behave as 
a normal 2DEG, the LCS show peculiar anomalies, which we quantify in 
a phase-shift of ~  90° in the MO and a low density (10 % less than the 
one of the HCS at the same bias).
3.1.3 M agnetie-field  dependence o f the hysteresis
In order to gain further insight into the nature of the bistability, and to 
support our interpretation in terms of a transition, we measured how the 
hysteresis in the I(V )  curves at B  =  0 (Fig. 1) evolves in the presence of 
a constant magnetic field perpendicular to the layers.
At low magnetic fields (0 < B  < 2 T), the transition from the LCS to 
the HCS occurs in several steps with complex magnetic field dependence 
(Fig. 3.9), and can be resolved only for T  < 300 mK, This behavior, which 
we do not fully understand, is qualitatively similar to the one in absence 
of magnetic field shown in Fig, 3.1(b), The steps could be accurately 
reproduced, but their detailed size and position depended on the particular 
mesa measured.
At higher magnetic field, the steps coalesce into a bigger feature and 
the behavior simplifies considerably. At B  > 6  T, both the amplitude 
and width of the hysteresis increase of one order of magnitude, and they 
show 1 /B  periodicity. In particular, a marked suppression occurs around 
the integer filling factors of the HCS, as can be clearly seen in Fig. 3.10. 
In the figure, the curve at B  = 11.5 T (which corresponds to v «  1) is
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Figure 3,9: I(V )  curves at T=70 mK as a function of magnetic field. The 
curves are taken at steps of 0,5 T and are offset for comparison. Sweep 
up and down are shown with full and open squares, respectively. These 
measurements show a very complex behavior which is not completely un­
derstood.
offset for comparison. As we will see in 3,2, this behavior shows that the 
transition is very sensitive to the screening properties of the 2D layers, 
which is known to be minimal at integer filling factor.
We show in Fig, 3,11 all the I(V )  curves measured at T = l,2  K, at 4,5 
T < B  < 17 T, with a step of 0,5 T, Sweeps up and down are plotted with 
solid and dashed lines, respectively. The curves are offset for comparison 
and clearly oscillate with 1 /B  periodicity, which is very close to the one 
of the HCS close to the transition (1,65 V),
At integer filling factor, the bistability width and the current discon-
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Figure 3,10: Bistability of the tunnel current at B = 10 T and T  = 70 mK, 
The filled and open circles refer to sweep up and down, respectively. The 
smaller circles (offset) refer to B  = 11,5 T (y «  l),The discontinuity and 
bistability are both minimal at integer filling factor, which suggests that 
the transition between HCS and LCS strongly depends on the screening 
properties of the 2D layers.
tinuitv have minimal size, whereas the voltage position has a maximum. 
The detailed analysis of all these properties is shown in Fig, 3,12, In 
Fig, 3.12(a), we show the voltage position of the current discontinuity as 
a function of magnetic field. The filled and open circles refer to sweeps up 
and down, respectively. In Fig, 3.12(b), we show the current jump (black 
squares) and the bistability width (open triangles). All these properties
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Figure 3,11: I(V )  curves at T = l,2  K as a function of magnetic field. The 
curves are taken at steps of 0,5 T and are offset for comparison. Sweep 
up and down are shown with full and dotted lines, respectively.
are clearly related to each other, as already seen from the temperature 
dependence (see Section 3,1,1),
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Figure 3,12: (a) Voltage position of the current discontinuity. The filled 
and open circles refer to sweep up and down, respectively, (b) Size of 
the current discontinuity (squares, left axis) and of the bistability width 
(open triangles, left axis). All the data refer to Fig, 3,11 and suggest that 
the hysteresis is minimal at integer filling factor, i.e. when the in-plane 
screening of the 2D layers is also minimal.
3.1.4 In-plane m agnetic field
Finally, in order to further investigate the tunneling properties of HCS 
and LCS, we have measured the influence of an in-plane magnetic field B\\ 
on the I(V )  curves, at T  = 1,2 K, The measurements are shown in Fig,
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Figure 3,13: I(V )  curves at T = l,2  K as a function of magnetic field 
parallel to the layers. Filled circles, open circles and open squares refer 
to B=0, 1 T, and 3 T, respectively. In the inset, the integrated current 
in the regions 1,65-1,66 V (HCS) and 1,64-1,65 V (LCS) is shown. Also 
in this case, the HCS behave as a normal 2DEG, wheras the LCS current 
increase with magnetic field si anomaluos.
3,13, where we show three representative I(V )  curves taken at B  =  0, 1 
and 3 T (black circle, open circle and open squares, respectively).
In this geometry, the HCS current decreases when B\\ increases, 
whereas the LCS current increases for 0,25 < B\\ < 1 T, and decreases
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B\\ > 1 T, In the inset of Fig, 3,13, we show the magnetic field behavior 
of the integrated current in the region 1,65-1,66 V (HCS) and 1,64-1,65 V 
(LCS), The suppression of current in the HCS is typical of a 2DEG [8 ], 
whereas the current increase of the LCS is anomalous. As a result of this 
difference between LCS and HCS, the feature in the I ( V ) curves at B  =  0 
is clearly smeared by in-plane fields B  > 0,25 T, as shown in Fig, 3,13,
3.2 D iscussion
As anticipated in the introduction, all the measurements reported in 
the previous section strongly suggest that the observed discontinuity and 
bistability both arise from a transition between LCS and HCS, which is 
strongly dependent on screening. We identify the HCS with the uncoupled 
e and h gases, since it behaves regularly in the presence of perpendicular [6 ] 
and in-plane [8 ] magnetic fields. In contrast, the LCS behaves peculiarly 
and has a different DOS, as discussed in 3,1,2, and we identify it with a 
(dense) gas of indirect excitons,
3.2.1 The indireet-exeiton  picture  
The current m agneto-oscillations
Our assignment for the LCS is supported by the behavior of the MO shown 
in Section 3,1,2; in particular by the absence of fractional features and by 
the phase shift of the MO, Indeed, the indirect excitons are not expected 
to form the incompressible Laughlin fluids, since they are bound by the 
attractive e — h attraction. In contrast, the uncoupled e — h layers minimize 
e ^ e  (h — h) interactions by forming composite fermions at fractional filling 
factor [9], as we observe in the HCS,
The phase shift in the MO confirm this picture and directly witnesses 
a change in the DOS, which also results in the general behavior of the MO 
(Figs, 3,5 and 3,6), A comprehensive study of a gas of indirect excitons in 
high magnetic fields has been recently reported by Yu, E, Lozovik and A, 
M, Ruvinsky [10], The main consequences of the e-h Coulomb interaction 
on free-particle LL’s are a shift to lower energies (exciton binding) and the 
appearance of in-plane dispersion originating from the coupling between 
center of mass and relative motion. This property accounts very well for
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the fact that we observe a qualitative difference in the DOS of LCS and 
HCS (Fig. 3.5).
In addition, a similar phase change has been observed by Volkov et 
al. [1 1 ] in the magneto-oseillations of the luminescence intensity of direct 
excitons, and it was explained by the presence of exciton states below the 
free-particle LL’s. The phase shift disappeared at high excitation, as the 
excitons were destroyed by screening. Although providing a consistent 
picture, the explanation given in Ref. [11] is based on energy levels rather 
than on level degeneracy [12]. Our experimental results are consistent with 
Ref. [11] and are based on the assumption that the electrons, although 
forming excitons, obey to a Fermi statistics. This surprising behavior, 
which is a direct consequence of the interpretation of the current magneto- 
oseillatons in terms of the carrier density, is also in agreement with optical 
studies of the IE linewidth at low density [13].
The current discontinuity
Within the same simple model, we can explain the low current of the LCS 
at B  =  0. The total current flowing through the device is proportional to 
both the density and tunneling probability of the electrons. Both these 
factors are smaller in the LCS than in the HCS. The smaller density 
(~  10%) of the LCS was deduced experimentally and we discussed it 
extensively in Section 3.1.2 (Figs. 3.6). The electron tunneling probability 
is proportional to the in-plane overlap between the wave functions of initial 
(electron in an unbound or exciton state) and final states (plane-wave 
electrons in the collector) [14, 15]. The tunneling probability is bigger for 
the HCS, which are free-carriers and largely overlap with the plane-wave 
states in the collector. In contrast, the electrons in the LCS are bound into 
excitons. They are thus confined in-plane by Coulomb interaction within 
an area of radius ~  o_b [15, 16], and their overlap with the plane-wave 
states in the collector is much smaller than for the HCS.
We observed that the LCS current increases in the presence of mod­
erate parallel magnetic fields B\\. Although such an increase does not 
violate the preceding interpretation, we are not able to quantify the effect 
of B\\ (which might substantially alter the electronic configuration [17]) 
on the tunneling of indirect excitons. It is, anyway, notable that this be­
havior is remarkably in contrast with the tunneling of free-carriers, such
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as in the HCS, In the latter ease, the tunnel current always decreases as a 
consequence of the squeezing of the electron wave function in the growth 
direction, and because of the mismatch in k-spaee between the initial and 
final states [8 ],
Both the data of the current [Fig, 3.1(b)] and the capacitance [Fig. 
3.6(a)] are consistent with an IE e — h distance of about 30 nm, which is 
more than 10 % higher that in the HCS. We would have expected the e — h 
distance to be smaller in the LCS because of Coulomb attraction, but our 
data clearly show the opposite. The reason of this discrepancy may be 
that IE are actually strongly interacting, or it may lay in some subtleties in 
the self-consistent rearrangement of the band-profile. It might also happen 
that, in the LCS, thermodynamic quasi-equilibrium is not reached, and 
part of the potential is dropping in the doped regions.
The exciton  binding energy
In our interpretation, the LCS is characterized by a binding energy Eb, 
which we estimate from the temperature 7  *1 h a t  suppresses both the bista­
bility and the discontinuity. For B  = 0 and B  = 10 T, T *was shown to 
be ~  300 mK and ~  10 K, respectively, and roughly proportional to the 
bistability width (which saturates for T  < 300 mK). We can therefore 
estimate the ratio .6^(10 T ) /E h(0 T) ~  20.
It is more difficult to estimate the absolute value of Eh since the pro­
portionality factors are not known a priori. It is remarkable that the tem­
perature dependence, in particular T*, suggests that the bistability width 
is directly related, via a leverage factor, to the binding energy. With a 
leverage factor of 1 , we obtain a reasonable estimation of an upper limit: 
Eh ~  0.3 meV at B=  0 and B  ~  5 meV at B  ~  10 T; if we assume that 
Eh ~ K b T* (K b is the Boltzmann constant), we find a lower limit: E h ~  
0.03 meV at B=  0 and B  ~  0.5 meV at B  ~  10 T.
The values obtained for the binding energy are very reasonable and in 
agreement with existing literature. The value deduced at B  = 0 agrees, for 
example, with Ref. [18] (screening additionally decreases the IE binding 
energy), whereas the increase of Eh with magnetic field qualitatively agrees 
with the expression Eh(B ) rsj 1 / \/d,2 + l2B, where lB =  25,66nm/\/i? is the 
magnetic length [19],
We stress that the analysis reported in this section regards only the
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general increase in size of the bistability in a magnetic field. We believe 
that the filling-faetor dependence of the hysteresis has a different expla­
nation, which will be described in the following section.
D escription of the hysteresis and filling-factor dependence
When the bias is increased in the LCS, the e-e (h-h) separation decreases 
until de- e ~  de-h ~  25 nm; at this point, the wave function overlap 
activates screening, and the indirect excitons dissociate. This transition 
is abrupt and occurs with a self-consistent rearrangement of the band 
profile, which induces an higher density; since we are not able to calculate 
the wavefuntions of the IE, however, we cannot give any estimation of the 
density discontinuity.
In contrast, when the bias is decreased in the HCS, de_e increases 
until the exciton gas forms. The latter transition occurs at a lower bias 
than the former one because screening suppresses the formation of indirect 
excitons. In other words, the system has a memory that arises from the 
interplay between screening and exciton binding, which gives rise to the 
hysteresis.
Indeed, we have shown in Fig, 3,11 that both the bistability and the 
discontinuity are strongly suppressed at integer filling factor, when the 
screening is minimal [9] and the carriers are localized efficiently by the 
magnetic field also in the HCS, At integer filling factors, the HCS current 
therefore decreases, and the transition to the LCS becomes smoother and 
occurs at higher biases. The magnetic field affects much less the screening 
properties of the LCS, since those states are already localized by the e — h 
attraction.
The presence of two or more steps in the current at low magnetic fields 
could arise from the interaction among excitons: the transition would oc­
cur via intermediate states that cannot be described by our simple model. 
Another possibility is that the different features arise from different zones 
of the sample, because of inhomogeinities of the device.
Possib ility  o f a therm odynam ic phase transition
Our measurements of the density discontinuity (Figs, 3,7 and 3,6) suggest 
that the transition is thermoynamieal. In particular, since in our structure 
the chemical potential ¡jLe-h(n) is equal to eV, where V  is the applied
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voltage (Fig, 2,1), our data shows that at the bistability, HCS and LCS 
have different densities at the same chemical potential. Such a nonlinearitv 
in fj,e_h(n) would be accompanied in our structure by a self-consistent 
rearrangement of the band profile. In other words, the hysteresis could be 
described as a first order phase transition [2 0 ],
In addition, we notice that the magnetic field behavior of the width of 
the bistability (Fig, 3,12) bears a strong resemblance with the behavior of 
the critical temperature for the excitonic state predicted in Ref, [2 1 , 2 2 ], 
with a critical temperature that is minimal at integer filling factor. An 
interpretation of our data in terms of collective properties of the indirect 
excitons, however, is beyond the purposes of this paper,
3.2.2 P ossib ility  of charge localization
The energy scales of the hysteresis, unambiguously proven by the tem­
perature dependence, are also typical of shallow binding; in this respect, 
localization of holes [23] due to interface roughness could occur in our 
device. We cannot exclude the possibility that some of the excitons are 
localized by interface defects, but this would not modify essentially the de­
scription, However, we believe that localization alone (whether of excitons 
or free carriers) can only explain with difficulty the particular conditions 
at which the feature is observed (cfe_e ~  de^h) , the mechanism of bista­
bility, the filling factor dependence of the hysteresis, and the difference of 
the HCS and LCS DOS (Fig. 3.5).
In addition, as discussed in Chapter 2, the results shown here could 
only be obtained in samples designed in order to optimize the hole in-plane 
mobility (which we could not directly measure). Such a sample might have 
surface corrugation along the [233] direction [24], which could affect the 
hole transport properties. It is unlikely, however, that such corrugation 
could affect the localization properties of the holes, since its typical scale 
of 3 nm is much smaller than the other lengths involved in our experiment.
3.2.3 D iscussion  of known m echanism s for b istability
As we discuss below, our experimental observations cannot be explained 
by previously reported mechanisms of bistability on similar structures.
Impurity-related trapping-detrapping processes are known to lead to
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bistability in bulk GaAs [25]; in our case, however, the observed depen­
dence on filling factor and the suppression by a modest in-plane magnetic 
field unambiguously show a 2D origin.
Nor can the bistability be ascribed to trapping-detrapping mechanisms 
involving 2D states, as could arise from resonant tunneling via A-vallev 
quantum well states [26] or impurity states in the AlAs layer. We do 
observe the former as much weaker and broader features in the I(V )  at 
higher bias (V æ 1,7 V on Fig, 3,1, in agreement with Ref, [27]), Impurity 
states in the barrier have been studied in 1 2  nm GaAs/AlAs/GaAs n — 
i — n single-barrier structures with intentional Si doping in the AlAs layer 
[2, 29, 30]; the I (V )  curves of these samples show broad tunneling features 
that evolve into peaks in the presence of a perpendicular magnetic field 
and shift to lower voltages for B  > 10 T, whereas the feature that we 
observe is bistable, discontinuous and does not shift globally in voltage 
for magnetic fields up to 17 T,
Our experimental data are qualitatively very similar to the single­
barrier heterostructure hot-electron diodes [28], in which an S-shaped non­
linearity arises because of the competition between two transport regimes: 
the tunneling through the barrier in the low-eonduetivity state and the 
thermionic emission in the high-eonduetivity states. Despite the differ­
ence with our device, in which thermionic emission is totally negligible, 
we believe that the general mechanism for the bistability is very similar 
and arises from the competition between LCS and HCS,
3.3 Summary
In conclusion, we have reported on a new type of discontinuity and bista­
bility in the tunnel current of strongly interacting 2D e and h layers ob­
tained in single-barrier GaAs/AlAs heterostructures. These features are 
enhanced by magnetic fields B  ~  10 T perpendicular to the layers and 
suppressed by in-plane magnetic fields B  ~  1 T, They correspond to a 
discontinuity in the e-h density and in the phase of the current magneto- 
oseillations. Whereas the HCS have the expected properties of the uncou­
pled e — h layers, the LCS behave anomalously under all circumstances. 
We identify the HCS with the uncoupled e — h layers and the LCS with 
a gas of spatially indirect excitons with binding energy 0,03 meV < Eb <
59
Indirect excitons in GaAs/AlAs single barrier heterostructures
0,3 meV and 0,5 meV < Eh < 5 meV at B =  0 and B= 10 T, respectively. 
We interpret the bistability as a transition between the two regimes, 
which arises because of the competition between in-plane screening and 
interlaver e — h attraction. The hysteresis is considerably affected by the 
screening properties of the 2D layers in a magnetic field and therefore 
strongly depends on the HCS filling factor.
This work is part of a research program of the “Stichting voor Funda­
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Chapter 4 
O ptical m easurem ents
A bstract
We report the study of the photolumineseenee (PL) of the 
sample described in the Chap, 3, Even though the laser il­
lumination washes out the bistability, we obtained some new 
results, which we report and compare with existing literature 
on PL of single layers. In our structure, the PL at B  = 0 does 
not show any feature arising from the 2D e — h layers. In a 
magnetic field parallel to the growth axis, polarized recombi­
nation peaks arise from the 2D regions when the filling factor 
v is just lower than two. These PL lines arise from the recom­
bination of photoexcited holes (electrons) with the 2D electron 
(hole) gas on the same side of the barrier. A t  // =  1 and for 
both a+ and a~ polarizations, the peak intensity is minimal, 
whereas the width and energy difference are maximal.
In order to further study the single-barrier heterostructure (SBH) de­
scribed in the previous two Chapters, we performed optical measurements 
in the temperature range 1,2-4,2 K, A potentially useful spectroscopic tool 
is the study of the electroluminescence (EL), i.e. the luminescence arising 
in the sample under an external voltage [1], The EL signal would allow, in
Parts of this work have been published in:
A, Parlangeli, P. C, M, Christianen, A, K, Geim, J, C, Maan, L, Eaves, 
P. C, Main, and M, Henini, Phvs, Stat, Sol, (a) 164, 587 (1997),
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our structure, the direct observation of the optical recombination between 
electron and holes across the AlAs barrier. Such transitions, however, are 
very weak, because of the small overlap between the electron and hole 
wavefu net ions. We searched for those emission lines by using sensitive 
photon-counting technique, but we could not detect any signal [2 ],
We therefore performed photolumineseence (PL) measurements by ex­
citing carriers in our structure with a HeNe laser. Also in this case, we 
did not detect any signal arising from e — h recombination across the AlAs 
barrier. In contrast, we observed some emission peaks in the spectral re­
gion of the GaAs band-gap, which arise in a magnetic field for biases 1,6 V
< V  < 1.7 V, These PL peaks are caused by the recombination of a pho­
toexcited hole (electron) in the GaAs layers with the 2D electron (hole) 
gas on the same side of the AlAs barrier. Our data can be compared with 
recent PL measurements of 2D electron gases in the regime of the QHE, 
which we will shortly recall in the next section. We stress that, in the 
presence of the laser excitation, both the bistability and the discontinuity 
observed without illumination (Chapter 3) were washed out,
4.0.1 Optical spectroscopy of a 2DEG
In the last decade, photoluminescenee (PL) has been used as a very sensi­
tive technique for the study of a two-dimensional electron gas (2DEG) in 
the regime of the Quantum Hall Effect (QHE) [3-9], Many experiments 
have been performed on samples with very different properties, giving rise 
to an extremely complex phenomenology. Yet, only recently an appropri­
ate theoretical understanding of the behavior of the high mobility devices 
has emerged [10], The PL signal of these systems arises from the recom­
bination of a photoexcited hole with an electron of the 2DEG (typically 
with a density of ~  1 0 1 1  cm“2) and strongly depends on their relative 
distance [9, 10], the amount of hole localization [6 , 7], and the layer com­
position [8 - 1 0 ],
In this Chapter, we extend the experimental study discussed above to a 
system of 2D e — h layers of equal densities, realized in the Single Barrier 
Heterostructure discussed in Chapter 3, Such a system has never been 
studied before with the above-described technique, and we focus on the 
regime in which the e — h distance is comparable to the average intra-laver 
inter-partiele distance, the GaAs Bohr radius and the magnetic length.
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The aim of our study is to gain information on the electronic configuration 
by observing the recombination of a photo-excited hole (electron) with an 
electron (hole) in the double-layer system.
An advantage of our structure is that we can tune the density of the 2D 
layers by changing the applied voltage. In this way we can discriminate 
unambiguously the spectral features related to the 2D layers (bias depen­
dent) from those of the bulk (bias independent). However, it is extremely 
difficult to disentangle the properties of the e — h interaction from our 
experimental data, since many of the features we observe closely resemble 
those obtained on high-mobilitv single layers of electrons [8-10], For this 
reason, the purpose of this Chapter is mainly to describe the experimental 
findings and compare them with existing literature on single layers [3-10],
4.1 Experim ental R esults
Optical measurements were performed in the Faraday configuration, in 
the temperature range 1,2 K to 4,2 K and in magnetic fields of up to 
17 T, The PL was excited by a He-Ne laser and detected polarization 
resolved by a Jobin-Yvon monochromator and a GaAs photo-multiplier. 
The results shown in this Chapter were obtained on the sample XT 116 I. 
grown in the [311]a direction, which was studied in Chapter 3, However, 
all the results were reproduced on samples grown in the [1 0 0 ] direction (in 
contrast to Chapter 2),
The PL spectra at T  = 4,2 K and zero magnetic field do not show 
any feature related to the 2D layers. Increasing the applied voltage from 
reverse bias to 300 mV forward bias, we observed only the sharp onset at 
FB of the GaAs bulk exciton peak, whose energy position does not have 
any bias dependence.
The spectra that we measured in a magnetic field for the a~ polar­
ization are shown in Fig, 4,1, We observed the growth of a shoulder on 
the low-energy side of the GaAs exciton. Just below v =  2 , this shoulder 
developed into a well-resolved PL peak that shifted with the applied volt­
age, thus showing that it originated from the recombination of carriers in 
the 2D regions. We observed this bias-dependent peak also in PL exci­
tation spectroscopy, with a Stokes-shift of ~  1 meV, which shows that it 
arises from intrinsic properties of the 2DEG, In addition, the spectra in
65
Optical properties of biased G aAs/A lAs single barrier hetero structures
Figure 4,1: Photoluminescence spectra in the a~ polariza­
tion at 4,2 K, 1,65 V and magnetic fields from 1 T to 17 T, 
At v =  2 (B=8 T) a new peak arises at a few meV below 
the bulk exciton. This peak is suppressed at v ~  1, In the 
inset, the possible recombination processes are shown for 
electrons, A symmetric picture is valid for the holes.
the figures were taken at T  =  4,2 K, but the behavior was not affected 
at T  =  1,2 K, In the inset of Fig, 4,1, we show the band diagram of the 
structure together with the possible recombination processes for electrons: 
2D carriers with photoexcited ones in the bulk [direct recombination a), 
indirect recombination b), and the bulk exciton recombination c)]. The 
same processes are expected to occur for the 2D hole layer, although we 
observed only one recombination peak.
We report in Fig, 4,2 the analysis of the PL arising from the 2D layers 
plotted in Fig, 4,1, The fan plot in Fig, 4.2(a) shows results obtained 
for both the polarization configurations. We measured an enhancement
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Figure 4,2: a) Peak position for both a~ (open circles) and 
a + (filled circles) polarization, as function of magnetic field 
(from Fig, 4,1), b) Magneto-oseillations of the tunnel cur­
rent, The minima positions allow the determination of the 
filling factor, c) Linewidth (squares) and intensity (trian­
gles) of the PL for both a~ (filled symbols) and a + (open 
symbols). The data refer to Fig, 4,1, Notice that both 
polarizations have a very similar behavior, in contrast with 
observations on single layers (see text).
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of the spin splitting around v  =  1, In Fig, 4.2(b), we plot the magneto- 
oseillations of the tunnel current at fixed bias (1,65 V, as in Fig, 4,1), 
which we measured in order to identify the filling factor [see also Chap­
ter 3], In Fig, 4.2(c), we show the dependence of the PL lineshape on 
magnetic field. Both the a~ and a + PL was suppressed and broadened 
at v  ~  1. In addition, we found that also the bulk exciton-peak intensity 
depends on the filling factor of the 2D layers, and is maximal around v  =  2 
and v = 1 .
We report in Fig. 4.3 the dependence of the PL from the 2D regions on 
the applied voltage, at a fixed magnetic field B = 13 T. For any value of B , 
the energy position of the bulk peak does not depend on bias, whereas the 
peak originating from the 2D layers experiences a shift to lower energies 
A E /A n of about 0.7 meV/10n e ir r 2  (3 meV/100 mV applied), as shown 
in Fig. 4.3(a). Also by changing the voltage at fixed magnetic field, we 
found a maximum in the PL width [Fig. 4.3(b)] and a minimum in the 
PL intensity [Fig. 4.3(c)] in correspondence to integer filling factor.
4.2 D iscussion
Most of our measurements are similar to those performed on a single layer 
of electrons [3-9], Nevertheless, our data show some differences which we 
will point out below. The main properties that we measured are: the onset 
of the PL from the 2D layers (Figs, 4,1,4,2), the bias dependence of those 
peaks (Fig, 4,3) and the suppression and broadening of the PL line at 
integer filling factor in both polarization configurations (Figs, 4,1,4,2,4,3),
4.2.1 Onset of the PL peaks
The onset of PL at v  < 2 in the same spectral region (~  1,515 eV) has 
been observed on a single 2DEG by Nicholas et al. [8 ], Nevertheless, in 
these measurements, a small PL signal was also observed at B  = 0 (see 
also [3]), In our case, this signal is totally absent for all the samples 
measured.
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Figure 4,3: Peak position (a), line-width (b) and peak in­
tensity (e) at B=13 T and T=4,2 K, The behavior of the 
PL intensity and width is consistent with the measurements 
at constant bias (Fig, 4,2), The shift of the energy peak is 
non trivial (see text).
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4.2.2 The bias dependence
Nicholas et al. [8 ] reported also a shift of the PL peak to lower energies 
with increasing 2DEG density, although it was a small effect measured on 
different samples with fixed density.
In our sample, the possible recombination processes of the 2D gas with 
photoexcited carriers in the bulk are shown in the inset of Fig, 4,1, The 
spatially direct recombination a) occurs at an energy that increases when 
the applied voltage is increased, because of the stronger band bending and 
consequent confinement. This is in contrast with the observed behavior of 
a shift towards lower energies as the density increases. Recombination with 
photoexcited carriers in the bulk regions without band bending [process 
b)] would be bias independent [like the purely bulk one e)], at least within 
the LL linewidth, which is ~  1 meV, as can be determined from the PL 
linewidth.
As already observed by Nicholas et al. [8 ], the observed shift mainly 
arises from the interaction between the photoexcited hole, possibly local­
ized at an impurity [7], and the 2DEG [8-10], In our system, however, part 
of the shift may arise from the interaction between the layers with oppo­
site charge. We are not able, however, to quantify this interaction, since 
the shift that we measured ( ~  0,7 meV/10n em-2) cannot be directly 
compared with those measured on a 2DEG,
4.2.3 The dependence of the lineshape on filling fac­
tor
The most marked difference that we observed with respect to measure­
ments on single-lavers is the filling-factor dependence of the PL, The sup­
pression and broadening of both the PL line was never reported on single 
layers [3-9], In addition, we observed this behavior already at T  = 4,2 K, 
whereas most of the properties studied on a 2DEG arise only below 1 K, 
We speculate that the presence of an additional hole gas may stabilize the 
interaction between the photoexcited hole and the 2DEG,
70
4-3 Conclusions
4.2.4 The presence of only one recombination peak
In our structure, it might be expected that recombination arises both 
from the 2DEG and the 2DHG (2D hole gas). The presence of only one 
recombination peak could be due to the fact that the two processes have 
very similar energies, or that one of the two predominates over the other. 
For example, we speculate that photoexcited electrons - which have a 
light effective mass - could escape away from the AlAs barrier and thus 
not be available for recombination. This process would thus suppress the 
recombination between a 2D hole and a photoexcited electron,
4.2.5 The GaAs bulk exciton
The possibility of tuning the applied bias allowed us to clearly discrim­
inate the peak arising from the 2DEG and those from the undoped re­
gions, From these PL measurements, we exclude the presence of a sec­
ond subband up to the highest density at which the peak was observed 
(5 x 1 0 n em-2), in agreement with the MO analysis (see Chap, 3 and 
Ref. [1 1 ]).
In particular, we unambiguously observe that also the bulk exciton 
peak intensity depends on the filling factor of the quantized layers, and is 
maximal in correspondence to v =  2 and v =  1. A similar behavior was 
previously observed on single layer systems and attributed to population 
of a weaklv-bound second confined subband [3, 6 ], Our measurement 
suggests that such an assumption is not necessary in order to describe the 
optical data,
4.3 Conclusions
We have shown in this Chapter the optical properties of a spatially sepa­
rated 2D e — h layers in the regime of the Integer QHE, The presence of an 
optical excitation destroys the features observed in transport which where 
discussed in the previous Chapter, but allows the study of a photoexcited 
hole with our system of spatially separated 2D e — h layers.
We found the onset of the PL lines at v  < 2, when the system experi­
ences a strong suppression of screening. Such lines shift with bias and are 
suppressed and broadened around v  =  1 for both the polarizations. This
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behavior mainly arises from the interaction of the photoexcited hole with 
a 2D gas of electrons (holes). However, some subtleties of the data, such 
as the polarization dependence, may arise from the presence of the e — h 
interaction between adjacent layers in our systems,
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Chapter 5
M agneto-optics o f indirect 
excitons in A sym m etric  
D ouble Q uantum  W ells
A bstract
We studied the photolumineseenee (PL) of indirect excitons 
(IE) in GaAs/Alo.3 5 Gao.65As Asymmetric Double Quantum 
Wells (ADQW), In a magnetic field perpendicular to the lay­
ers, the IE shift linearly in energy, rather than quadratieallv, 
also at low fields, with a slope that increases with the applied 
voltage up to a maximum of 1,4 meV/T, This value is higher 
than half the cyclotron energy and strongly depends on exci­
tation intensity. We show that this behavior, which depends 
on the presence of non-radiative recombination centers in our 
structure, arises from a magnetic-field-dependent charge accu­
mulation in the ADQW,
Double Quantum Wells (DQW) are very useful model systems for the 
realization and study of spatially-indireet excitons, because of the inter­
Parts of this work will be published in:
Parlangeli, P. C, M, Christianen, J, C, Maan, C, B, Soerensen, and P. E, 
Lindelof, Phvsica Status Solidi; Parlangeli, P. C, M, Christianen, J, C, 
Maan, I, V, Tokatlv, C, B, Soerensen, and P. E, Lindelof, submitted to 
Phvs, Rev, Lett,
play between quantum confinement, interparticle interaction, and tunnel­
ing effects [1-4]. These parameters can be accurately controlled by the 
band-structure design and by application of an electric field in the growth 
direction.
An external magnetic field enriches the physical picture even further, 
because of the presence of an additional parameter, the magnetic length, 
which is typically comparable to the size of the wells and the electron-hole 
(e — h ) distance for fields of a few Teslas. For small magnetic fields, i.e. 
when the magnetic length is larger than the size of quantum confinement, 
the excitonic energy increases quadratieallv (in analogy with the diamag­
netic shift of an hydrogen atom). In the limit of high fields, in contrast, 
the energy shift becomes linear and asymptotically approaches the value 
of free-carrier recombination between Landau levels [1],
In this Chapter, we study the IE PL of GaAs/Al0.3 5 Ga0.6 5 As ADQW in 
a magnetic field perpendicular to the 2D planes. Instead of the expected 
diamagnetic shift, we found a linear shift that increased with the applied 
voltage up to the value of 1.4 meV/T, which is significantly bigger than 
that of free-carriers. This surprising behavior, which is sample dependent
[9] and consistent with existing literature [3, 4], cannot arise only from the 
well-known single-exciton energy levels. We rather show that it is caused 
by a local reduction of internal electric field in our structure, which is 
induced by the magnetic field. Possible mechanisms responsible for this 
behavior -such as exciton diffusivitv, charge trapping, modification of the 
tunneling probabilities, and decrease of the non-radiative recombination 
time- will be discussed in Section 5.2.
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The studied ADQW was grown by moleeular-beam epitaxy in the [100] 
direction with mono-laver precision. A schematic band diagram is shown 
in the inset of Fig. 5.1. The two GaAs wells were 5 nm (at the bot­
tom) and 1 0  nm wide (on top), separated by a Alo.3 5 Gao.6 5 As barrier of 
5 nm. This structure was embedded into a j ) - i - n  diode grown on a 
p+  substrate, and separated from the doped regions by two 300-nm-thiek 
layers of Alo.3 5 Gao.6 5 As. By means of electrical contacts, we could apply 
a voltage in the growth direction and measure the tunnel current (mainly
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Figure 5.1: PL spectra at B  =  0 and voltages from 0 to -4 V. The band 
diagram of the sample is shown in the inset. Notice that the integrated 
intensity is not conserved, which arises from the increased lifetime of the 
IE and shows the presence of non-radiative recombination channels.
due to electrons) across the structure.
In the regime of voltage of our interest, the charge trapped in the 
ADQW in darkness is negligible. Carriers were injected by optical exci­
tation from a HeNe laser, at an energy of 1.96 eV, just below the barrier 
absorption edge (2.02 eV), For the measurements shown in this chapter, 
we used an optical fiber of diameter 0.6 mm for both excitation and de­
tection. Excitation power was ranging from ~  10"5 to ~  1 W cm"2, 
corresponding to carrier densities of the order of < 109 cm”2 and 3 1011 
cm"2, respectively. The measurements were performed at T=4.2 K and 
magnetic fields up to 20 T.
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Figure 5,2: Stark shift of the IE (squares) at full-power excitation (the 
typical error bar is shown in one point). With respect to low power exci­
tation (circles, referring to Fig, 5,1,), the anticrossing is shifted to higher 
bias (~  ^3  V), The full lines are the calculated Stark shift of the two 
lowest levels for a carrier density of ~  3 1011 cm"2. The dotted line is the 
Stark shift for the ground-state IE, calculated with variational calculations 
(see text).
In the absence of an external voltage, the optical transition with lowest 
energy is the direct-exciton recombination of the 10 nm Wide Well (WW), 
By means of an external reverse bias, we could apply an electric field to 
our structure while keeping the current below 0,1 A m "2. The electric 
field tilts the band profile and shifts the energies of the subbands of the 
two wells relative to each other, as shown schematically in the inset of Fig, 
5,1, We can see the effect of an applied bias on the PL spectra in Fig, 5,1, 
For small biases, the WW PL line dominates the emission spectrum
• — Direct exciton (10-4 Wcm-2)
-5 0
Applied Voltage (V)
5.1.1 Stark Shift at B = 0
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and slightly shifts to lower energies. At F* ~  45 kV/cm (~  —2.1 V applied 
to our device), the NW electron subband becomes lower in energy than 
the WW one, which makes the PL recombination indirect in real space. 
Because of the reduced overlap between the wavefunetions of electrons and 
holes, the optical recombination time increases strongly. As a consequence, 
non-radiative recombination channels take over, which results in a decrease 
of the integrated PL emission (Fig, 5,1), As we will show in the Discussion, 
the presence of non-radiative recombination channels may be related to 
the puzzling results reported in this Chapter, since a similar behavior was 
not observed in samples in which the PL integrated intensity is constant 
after anticrossing [9],
The peak positions of the PL as a function of bias are shown in Fig, 5,2, 
where the direct and indirect transitions referring to Fig, 5,1 are plotted 
with filled and open circles, respectively. The direct peak follows the 
expected parabolic shift to lower energies up to anticrossing, after which 
its position remains almost unaffected. This unexpected behavior after 
anticrossing is consistent with the data of previous literature (see f.i, [9]) 
and is probably due to the recombination of localized states (by well-width 
fluctuations or impurities) in the WW, Since we are not interested in this 
regime, we will neglect this states in the following discussion. The indireet- 
exciton (IE) PL shifts linearly with electric field, by an amount of about 
t til ', where e is the electron charge, d ~  10 nm is the e — h distance, and 
F  is the local electric field. We evaluated the average applied electric field 
by taking the ratio of the applied voltage and the length of the undoped 
region, which is 620 nm in our device. In this way, we obtained directly a 
good agreement with the calculations that we will describe below, without 
the need of any fitting parameter.
We show in Fig, 5,2 with open squares (the typical error bar of this 
broad spectra is shown for one point in Fig, 5,2) the IE peak positions 
under full-power excitation (~1 W cm”2). The main effect of increas­
ing excitation is to shift the anticrossing to higher biases (from ~  —2.1 
V to ~  ^3  V under full-power excitation), whereas the direct-exciton 
peak position remains essentially unchanged. The IE PL spectra are very 
sensitive to laser excitation power because the increased lifetime of the 
indirect excitons allows the accumulation of a large amount of charge in 
the structure. Since the electrons and holes are spatially separated, they 
can accumulate in the ADQW and create an electric dipole that opposes
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Figure 5,3: PL spectra at B  = 0 and -2,5 V, for different excitation in­
tensities, The spectra are normalized and offset for comparison. The full 
lines refer to 10”5 W cm”2 (a), 10”4 W cm”2 (b), and 10”3 W cm”2 (c). 
Because of the charge accumulation and separation, the IE line shifts to 
higher energy when the excitation intensity is increased. At full power 
excitation [dotted line d)], the internal bias is not enough to reach anti­
crossing, and only the direct exciton appears,
to the external field and thus shifts the anticrossing to higher voltages.
The effect of changing excitation power at fixed applied voltage is 
shown in Fig, 5,3, for V=-2.5  V, and at an excitation intensity of 10”5 W 
cm”2 (a), 10”4 W cm”2 (b), 10”3 W cm”2 (c), and 1 W cm”2 (d). Because 
of the charge accumulation, if the excitation intensity is increased, the IE 
PL shifts to lower energies, whereas the WW peak does not experience 
any appreciable shift. At full power excitation (dotted line), the internal 
field is not strong enough to reach anticrossing, and only the direct exciton 
is visible.
We notice that the excitation intensity also affects the PL linewidth.
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Figure 5,4: PL spectra as a function of magnetic field, at -3,5 V and 10”4 
W cm”2. The spectra range from 1 T to 10 T, with 1 T step, and they 
are offset for comparison.
As can be seen in Fig, 5,3, the PL at very low excitation (10”5 W cm”2) 
is very broad, which indicates that the emission is dominated by surface 
roughness (i.e. well-width fluctuations) and/or impurities. When the 
power is increased, the linewidth first diminishes [a) to b) in Fig, 5,3], 
and eventually increases again [b) to e)], because of band-filling effects,
5.1.2 M easurements in a magnetic field
The spectra measured at -3,5 V and 10”4 W cm”2 as a function of magnetic 
field are shown in Fig, 5,4, The magnetic field ranges from 1 T to 10 T,
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Magnetic Field (T)
Figure 5,5: Peak position of the indirect recombination 
(open circles) at different biases as a function of magnetic 
field. The power excitation density is 10 4 W cm 2, The 
diamagnetic shift of the WW exciton at -2,7 V (filled cir­
cles) is shown for comparison. The IE data taken at -3 V 
and ~  10”3 W cm”2 are shown as triangles.
with 1 T step. Even at low excitation and low magnetic fields, the shift 
of the IE peak is linear with magnetic field, i.e. we do not observe the 
expected diamagnetic shift. In addition, the IE lineshape is modified by 
the magnetic field. When B  increases, the integrated intensity of the IE 
increases, and its linewidth decreases. This behavior is general and was 
observed under all possible conditions of bias and excitation. At lower 
bias, the integrated intensity of both IE and WW (negligible at high bias) 
PL increases with magnetic field.
The measured IE peak position as a function of field is shown for 
several voltages in Fig, 5,5, The shift increases with bias up to a maximum
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Figure 5,6: Stark shift of the observed recombination lines 
at B=20 T at the power excitation densities of rsj 10”4 W 
cm”2 (circles) and ~  10”3 W cm”2 (triangles).
value of 1,4 meV/T, This shift is substantially larger than the expected 
diamagnetic shift and even exceeds the shift of free-carrier recombination 
(~  1,0 meV/T) calculated with the well known values for the electron and 
hole masses of me=0,0665 m 0 and 97^=0,35 m 0 [7] (m0 is the free-electron 
mass).
We show in Fig, 5,5 also the effect of changing excitation intensity 
on the IE energy. We plot in the figure, with open triangles, the peak 
positions measured at -3 V under an higher excitation (~  10”3 W cm”2). 
We chose the excitation intensity in such a way that, at B  = 0, the peak 
coincides with the one at -2,5 V for lower excitation (~  10”4 W cm”2). 
In the presence of a magnetic field, however, the peak at high excitation 
shifts with a bigger slope than the low-excitation one, and it crosses the 
direct exciton at a lower field. In other words, the peak position in a 
magnetic field does not simply rescale - as it would be expected - with the 
local electric field determined at B  =  0,
83
As a consequence of this behavior, the Stark shift of the IE at B=20 
T, which is shown in Fig, 5,6, is markedly different than at B  =  0, In 
addition, as shown in Fig, 5,6, the Stark shift qualitatively depends on 
excitation intensity. At low excitation (~  10”4 W /em 2, circles in Fig, 
5,6), anticrossing occurs at ~  —2.1 V as at B = 0, but the shift is non­
linear and much weaker than in the absence of a magnetic field. At higher 
excitation (~  10”3 W /em 2, circles in Fig, 5,6), instead, the Stark shift 
is linear and similar to the one at B = 0, but the antierossing with the 
WW exciton occurs at much higher voltages, at rsj — 6 V (Fig. 5.6). In 
this regime of high bias, a considerable amount of current (~  1 mA) is 
flowing through our device, dissipating a power comparable to 1 mW, The 
sample is therefore subjected to substantial heating and the measurements 
themselves are not reliable any more. Surprisingly, and in contrast with 
the optical data, the I(V)  curve was not affected significantly by the 
magnetic field,
5.2 D iscussion
5.2.1 Stark Shift at B = 0
In order to understand the observed behavior, we have calculated the 
energy levels of our structure numerically.
In the case of low excitation, corresponding to Fig, 5,1 and to the 
circles in Fig, 5,2, we calculated the energy level by means of variational 
calculations, in the framework of Greene and Bajaj [6], with electron and 
hole masses of 0,0665 m 0 and 0,35 m0, respectively [7], We assumed 
that the potential profile was not significantly modified by the presence of 
charge in the QW, which is reasonable at low excitation as we will discuss 
below, and we thus solved the exciton problem without taking into account 
the self-consistent rearrangement of the band profile. The results, shown 
in Fig, 5,2 with a line, describe the experimental data very well, without 
any fitting parameter, with a binding energy of ~  9 meV and ~  3,5 meV 
for the direct (WW) and indirect exciton, respectively.
In order to understand the effect of increasing excitation power, we 
performed self-consistent calculations of the energy levels, neglecting exei­
tonic effects for simplicity. We took into account the charge distribution in 
the ADQW by solving self-eonsistentlv both the Schrödinger and the Pois-
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son equations. We assumed that the carriers were occupying the lowest 
energy levels available, i.e. we assumed T  =  0,
The self-consistent calculations quantitatively describe the following 
effect, which is important in the IE regime: when electrons and holes 
lie in different layers, they create an electric dipole that opposes to the 
external bias. In our case, this effect is appreciable for densities n > 5 1010, 
which justifies our previous assumption that for low excitation (at B  = 0) 
charging effects can be neglected. We show in Fig, 5,2 the calculated 
Stark shift in the case of full-power excitation. We could describe well 
the experimental data by assuming a charge density of rsj 3 1011 cm”2 
and without using any additional fitting parameter. At this high density, 
excitonic effects for the indirect transition, if not washed out by screening, 
are only a minor correction to the energy levels, which justifies the fact 
that we neglected them in our self-consistent calculations,
5.2.2 M easurements in a magnetic field
In the previous section, we have shown that the accumulation of spatially- 
separated electrons and holes leads to a shift of the PL peaks to higher 
energy when the excitation power is increased. As we discuss below, we 
believe that this mechanism is important also to understand all the anoma­
lous properties observed in a magnetic field. The two main experimental 
observation were:
1) The anomalous Stark shift at II =  20 T (Fig, 5,6), At high excita­
tion (triangles) the shift is linear, and similar to the Stark shift at B  =  0 
(Fig, 5,2), but anticrossing occurs at very high voltages (~  6 V), At low 
excitation (circles in Fig, 5,6), the shift is markedly sublinear,
2) The shift of the PL peak, at fixed bias, with magnetic field is linear 
instead of quadratic, and larger than expected (Fig, 5,5), In addition, the 
shift does not simply rescale with excitation power, magnetic field, and 
bias.
Stark shift at B = 20 T
At high excitation (10”3 W cm”2), the shift of the anticrossing to higher 
voltages demonstrates a reduction of electric field across the ADQW (Fig, 
5,2), which cannot arise from the doped regions since the I ( V ) curves are
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barely affected by the magnetic field. We believe that the reduction of 
electric field arises because of a magnetic-field-induced charge accumula­
tion in our device. In the case under examination (Fig, 5,6), by comparing 
the observed shift with our calculations, we estimate a charge density of 
the order of 1012 cm”2.
The sublinear shift of the IE PL at low excitation (10”4 W cm”2, 
corresponding to the data shown with circles in Fig, 5,2) is consistent 
with a bias-dependent charging of the ADQW, which would also be of the 
order of 1012 cm”2.
The different behavior at low and high excitation power shows that the 
magnetic-field-induced charge accumulation does not simply rescale with 
the local electric field.
Shift of the IE PL with magnetic field at fixed bias
With the same mechanism of charge accumulation, we can describe the 
anomalous shift of the IE peaks in a magnetic field perpendicular to the 
layers (Figs, 5,4,5,5), As discussed in Section 5,1,2, the IE energy shift 
in a magnetic field cannot be understood by considering only intrinsic 
recombination processes (i.e. the cyclotron energy), unless we take rnh=
0,1 rnQ. This assumption is made in [3], where a similar shift is measured, 
but it contradicts a vast amount of existing literature (see f.i. Ref, [7]), 
We rather believe that the shift is partly induced by an increase of charge 
in the ADQW, which is driven by the magnetic field, in agreement with 
our explanation for the Stark shift at II =  20 T,
This interpretation is also consistent with the observed dependence of 
the IE linewidth (Fig, 5,4), Both the increase in intensity and decrease 
in linewidth that we observe under an increase of B  are indeed observed 
also at B = 0 under an increase of excitation power (Fig, 5,3),
Our measurements at different excitation intensity (Fig, 5,5) con­
firm that the magnetic-field-induced charge accumulation does not simply 
rescale with the local electric field. This behavior is consistent with the 
data of the Stark shift at II =  20 T and shows that the mechanism respon­
sible for the charge accumulation is dynamical in nature. In other words, 
the charge accumulation in our device arises from a complicated balance 
involving dynamical processes, such as charge trapping, relaxation, tun­
neling, diffusion, and non-radiative recombination.
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Possible mechanisms for charge accumulation
A comparison with existing literature [3, 9] shows that the experimental 
behavior discussed above is sample-dependent. Our data are consistent 
with the measurements of Ref, [3], but not with those of Butov et al. [9], 
where the anomalies discussed here were not reported. In our sample, such 
as in the one studied in Ref, [3], non-radiative recombination channels 
clearly influence the optical spectra, which results in the fact that the 
integrated PL intensity is not conserved (Figs, 5,1,5,4), In contrast, the 
integrated PL is constant in Ref, [9],
We propose that the suppression of IE diffusion in a magnetic field 
can explain the observed charge accumulation in the presence of a mag­
netic field. The reduction of exciton diffusivitv arises from the increase 
of the exciton mass with magnetic field [2, 10] and has been observed - 
though mainly at fields of few Teslas (B  ~  1 T) - for direct excitons in 
GaAs/ALrGai-^As thin films [11] and single QW’s [12], In a magnetic 
field, therefore, it is more difficult for the IE to reach non-radiative re­
combination channels, which allows an higher charge accumulation in the 
ADQW, This interpretation is in agreement with the fact that a regular 
behavior was observed by Butov et al. [9] in samples were non-radiative 
recombination channels were not observed.
In addition, it is possible that the magnetic field affects the tunneling 
probability by localizing the carriers into cyclotron orbits with a size com­
parable to the size of impurities. Electron tunneling from the WW into 
the NW can be thus enhanced because it could occur via fast impurity 
channels in the barrier. As a consequence, a larger number of electrons 
could accumulate in the NW (correspondingly, a larger number of holes 
can accumulate in the WW),
Another possible mechanism for charge accumulation is the rate of 
charge trapping. The magnetic field could increase this rate by localizing 
high-energy photoexcited carriers at impurities or well-width fluctuations,
5.3 Conclusions
We have shown in this Chapter the PL measurements of IE in ADQW’s, in 
a magnetic field perpendicular to the 2D layers. We observed an anoma­
lous and linear shift of the IE energy as a function of the magnetic field.
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We ascribe this behavior to a reduction of electric field across the ADQW, 
which is induced by the magnetic field and could possibly arise from an in­
crease of non-radiative recombination time, an increase of tunneling prob­
ability from the WW to the NW, or from charge trapping of photoexcited 
carriers in the ADQW,
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Chapter 6
O ptical observation o f the  
energy-m om entum  dispersion  
of spatially indirect excitons
A bstract
The eenter-of-mass (CM) dispersion of spatially-indirect exei­
tons (IE) in biased GaAs/Al0.3 5 Ga0.6 5 As double quantum wells 
is determined by photolumineseenee (PL) spectroscopy in an 
in-plane magnetic field B. The field rigidly shifts the IE dis­
persion in A;-spaee by an amount proportional to both B  and 
the electron-hole separation. The PL emission arises from IE 
with zero total momentum, corresponding to finite CM veloc­
ity, which allows the direct measurement of the IE CM disper­
sion, The observed PL energy increases quadratieallv in B , 
corresponding to the IE kinetic energy, whereas the PL inten­
sity follows the thermal occupation of the optieallv-aetive IE 
states and decreases as a Gaussian function of B.
this work is submitted for publication in Phvs, Rev, Lett, by:
Parlangeli, P. C, M, Christianen, J, C, Maan, I, V, Tokatlv, C, B, So- 
erensen, and P. E, Lindelof
6.1 A new tool for the study of the IE 
center-of-m ass m otion
The interband optical properties of semiconductors are dominated by cou­
pled electron-hole (e — h ) exeitations-ealled excitons-that arise from the 
e — h Coulomb interaction [1], The exciton optical spectrum consists of 
discrete states-similar to the Rydberg states of hvdrogen-each having a 
dispersion that reflects the movement of the exciton as a whole. Because 
of the very small photon momentum (< 106 m” 1), optical measurements 
normally do not give access to excitonic states with finite center-of-mass 
(CM) momentum. To date, the existence of exciton dispersion has been 
observed only indirectly, through effects like the Fano lineshape for reso­
nant states [2], the dependence of the recombination time on the exciton 
mass [3], or polariton effects [4, 5],
In this Chapter, we show that the dispersion of indirect excitons (IE) in 
Asymmetric Double Quantum Wells (ADQW) can be directly measured 
optically by applying a magnetic field in the plane of the QW’s, This 
unusual behavior is a consequence of the simultaneous breaking of time- 
reversal and spaee-inversion symmetry in the system and can be under­
stood by considering the usual operator of magnetic translations, which 
commutes with the Hamiltonian and plays the role of the CM momen­
tum [6]:
P =  M Y  -  ^[B x f], (6.1)
where M  is the exciton mass, V is the CM velocity, and r = re — r h is the 
coordinate of relative motion. The second term in Eq, (1) arises from the 
Lorentz force acting on the electrons and holes that constitute the exciton, 
A distinct consequence of Eq, (6,1) is that an exciton can recombine 
optically (P «  0) only if it has a velocity M Y  = ^[B x r], Eq, (6,1) 
is very general and applies also for bulk materials and symmetric QW’s, 
In those systems, however, because of spaee-inversion symmetry [8], the 
expectation value of r  is zero. In contrast, for IE in an ADQW, the e — h 
distance d is almost fixed by the potential barrier; if the magnetic field 
lies in the plane of the QW’s, the IE states shift rigidly in Axspaee in the 
in-plane direction perpendicular to B [7], Our experiment has similarities 
with the principle used by Hayden et al. to study the dispersion of two­
Optical observation of the energy-momentum dispersion of spatially
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dimensional (2D) holes from the tunneling of emitter states in the subband 
minimum to states with finite k in the collector [9],
The sample studied is described in the previous Chapter, Our ADQW 
is optimized for the study of the IE dispersion, since the e — h distance 
d «  10 nm is comparable to both the GaAs Bohr radius rB ~  12 nm 
(inferring IE formation) and the magnetic length [affecting Eq, (6,1)] for 
fields of several Teslas,
In the absence of an external voltage, the optical transition with lowest 
energy is the direct-exciton recombination of the 10 nm Wide Well (WW), 
By tuning the energy levels of the two wells by the electric field F, the 
energies of the direct and the indirect transitions change, and at the field 
F* ~  45 kV/cm (~  —2.1 V applied to our device), the 5 nm Narrow Well 
(NW) electron subband becomes the lowest in energy. At reverse biases
< —2.1 V, therefore, the IE is the lowest-energv interband excitation, A 
further decrease of bias suppresses the tunneling between the wells and 
increases the e — h distance. The photoluminescence (PL) spectra excited 
with a HeNe laser (~  10”2 W /em 2, corresponding to an exciton density 
of about 5 1010 cm”2, as deduced by comparison with our calculations) at 
B  = 0 are shown in Fig, 6.1(a) (already shown in Chap, 5 and recalled 
here), and their peak positions are plotted in Fig, 6.1(b), As explained, 
the WW peak dominates the spectrum for F  < F* and disappears at 
F  > F*, after anticrossing with the IE, which now takes all the intensity. 
From the energy shift of the PL peak with bias, which is roughly 
proportional to the e — h average distance, we estimate d ~  10 nm. This 
value is close to the as grown distance between the centers of the QW’s 
and consistent with all the measurements. We determined the IE binding 
energy, using variational calculations [solid curve in Fig, 6.1(b)] that take 
into account excitonic effects [11] and found a binding energy of 9 meV 
for the direct exciton (WW) and 3,5 meV for the indirect one, in fair 
agreement with our data of the Stark shift [Fig, 6.1(b)],
6.2 Experim ent
The experimental set-up is the same as the one described in Chap, 5, but 
the measurements described here were taken with a focusing lens (instead 
of an optical fiber), used both in excitation and detection, with 1 cm focal
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Figure 6,1: (a) PL spectra at B = 0 and voltages from 0 to -3 V (same 
as Fig, 5,1), The band diagram of the sample is shown in the inset, (b) 
Peak positions of the direct and indirect recombination (Filled and open 
circles, respectively). The lines are obtained from variational calculations.
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Figure 6,2: (a) IE PL spectra at -4 V (70 kV/cm) for parallel magnetic 
fields ranging from 0,5 T to 10 T, with 0,5 T step. The peak is sup­
pressed by fields B  ~  5 T (Fig, 6,3), (b) Quadratic shift of the indirect 
exciton energy. The typical error bar is shown on one data point. The 
measured value of 0,021 m eV/T2 agrees with the model proposed in the 
text (line). The energy of the fundamental gap (corresponding also to IE 
with flat dispersion) and of the single particle recombination are plotted 
for comparison with dotted and dashed lines, respectively.
95
Optical observation of the energy-momentum dispersion of spatially
indirect excitons
length. The IE spectra measured in a parallel magnetic field are shown 
in Fig, 6.2(a) for a bias of -4 V (70 kV/cm). The IE PL is quenched by 
fields of ~  5 T and decays as a Gaussian function of the magnetic field, 
as shown in Fig, 6.3(a) (circles). In addition, we show in Fig, 6.2(b) the 
IE shift, which is quadratic in field and amounts to 0,021 m eV/T2, We 
measured the effect of e — h separation on the PL intensity for different 
voltages, and the results in Fig, 6.3(a) show that at higher bias (i.e. larger 
d) the PL is suppressed by smaller magnetic fields.
We stress that, in contrast with what observed when B  is perpendicular 
to the layers (Chap, 5), we did not find any reduction of electric field in 
the presence of a magnetic field parallel to the 2D planes,
6.3 D iscussion
6.3.1 The basic model
The basic features of our experiment can be understood from Eq, (6,1), In 
the system, d is primarily fixed by the confining potential and only slightly 
depends on the magnetic field and the CM momentum. The expectation 
value of Eq, (6,1) gives thus an explicit expression of the CM velocity V  
in terms of CM momentum P, and we can obtain the IE dispersion law 
^d(P) by direct integration:
/«/(P) =  I'-i.i +  ^P +  -[B  x d  ^ , (6.2)
where E id is the energy of IE at rest, and M is the total mass of the 
exciton, given by the sum of the electron and hole effective masses. As 
shown in Fig, 6,4, the effect of the magnetic field is to rigidly shift the 
IE dispersion in A;-spaee by Q = ed B /c  =  d /l | ,  where lB is the magnetic 
length. The optieallv-aetive IE’s (P  «  0) correspond to a nonzero CM 
velocity V  =  e d B /M c  in the direction perpendicular to both the magnetic 
field and the growth axis. Therefore, the PL measurements allow the 
direct study of the IE dispersion relation £id(Q) =  Q2/2 M .  The IE shift,
i.e. the shift of the PL energy, is simply equal to the kinetic energy 
eid =  e2d2B 2/2 M c 2 = a B 2, and the IE thermal occupation is proportional 
to the Boltzmann factor e- aB2/KsT jg Boltzmann constant), which 
is a Gaussian function of B.
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Figure 6,3: (a) Luminescence intensity of the indirect excitons (IE) at 
different biases as a function of magnetic field. The data are normalized 
to the intensity at B=0,5 T, (b) Boltzmann factor of the optically-active 
IE, The voltages -2,5 V, -3 V, and -4 V, correspond to d= 7,7 nm, 9,1 
nm, and 9,7 nm, respectively (see text). The function at -5 V (9,9 nm) is 
indistinguishable from the one at -4 V,
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Direct Exciton
Figure 6,4: Effect of the in-plane magnetic field on the exciton dispersion, 
which are characterized by a mass M  =  m e + m h (see text). The di­
rect exciton (Wide Well) remains unaffected, whereas the indirect exciton 
dispersion shifts in k-space by an amount Q =  dfX\ =  e.dB/c.
This simple picture quantitatively describes our data of the quadratic 
shift of the PL energy and the Gaussian decay of the PL intensity with 
field, which are both described by the single parameter a. In Fig, 6.2(b), 
we compare the experimental parabolic shift at -4 V with the calculated 
kinetic energy of the IE with P  =  0. Using d = 10 nm and M  = m e +
(ine =  0.0665 m0 and m/j =  0.35 m0 are the electron and hole effec­
tive masses, respectively, m0 is the electron mass), we found a = 0,021 
m eV/T2 [solid curve in Fig, 6.2(b)], in excellent agreement with the ex­
periment, Furthermore, the PL intensity follows the thermal occupation 
of the P  = 0 states and indeed decays as a Gaussian characterized by a 
value of a that equals the one obtained from the PL shift. We stress that
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two independent determinations of the same parameter a yield precisely 
the same value, which strongly supports our interpretation.
The IE quadratic shift significantly differs from that of free e — h 
pairs [12], since the total exciton mass results in a flatter dispersion as 
compared to the free-carrier recombination, which rather reflects the elec­
tron mass. Indeed, W hittaker et al. [12] measured the parabolic shift of 
free-carrier recombination and found a value of 0,2 m eV/T2 which is an 
order of magnitude bigger than the one we observed. For comparison, we 
show with a dashed line in Fig, 6.2(b) the calculated shift of the optical 
recombination between free electrons and free holes, which cannot explain 
our data. For completeness, we plot in the same figure the shift of the 
band edges [dotted line in Fig, 6.2(b)], which corresponds to the hypo­
thetical situation in which the IE would have a flat dispersion. Clearly, 
only the previously described mechanism can explain the data,
6.3.2 The bias dependence
Further experimental proof comes from the measurements of the bias de­
pendence shown in Fig, 6.3(a), Upon changing bias from resonance to 
the IE regime, the electron wavefunetion changes from being delocalized 
in the two wells to being well confined in the NW. Since the holes remain 
always well confined in the WW, the electron localization strongly affects 
the e — h distance, which changes from ~  5 nm at anticrossing to ~  10 
nm at high reverse bias (< ^ 4  V), The change of the d affects the shift in 
momentum described by Eqs. (6.1) and (6.2), which is in turn observed 
in the PL intensity [Fig, 6.3(a)],
To model this behavior schematically, we consider an idealized two- 
level system, in which purelv-direet (d =  0) and purelv-indireet ( d  =  d0 =  
10 nm) excitons are coupled by tunneling, which mixes these two states 
and allows solutions with intermediate d. Only the electrons participate 
in the tunneling process, and we thus estimate d from the probability of 
the purelv-indireet state, i.e. from the probability u2 to find an electron 
in the NW:
where t is the tunneling matrix element (independent from bias and mag­
netic field), and A E  is the energy difference between the eigenvalues of
(6.3)
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the two-level Hamiltonian, As expected, this expression gives d =  d0 in 
case of no tunneling (t =  0) and d =  d0/2  (AE  =  21) at resonance.
By using t «  2,5 meV (from the splitting between the direct and 
indirect excitons at the anticrossing) and AE  as the difference between 
the measured IE energy and the calculated one for the direct excitons [Fig, 
6.1(b)], we obtained d as a function of bias. We found d= 7,7 nm, 9,1 nm, 
9,7 nm and 9.9 nm for -2,5 V, -3 V, -4 V and -5 V, respectively. From these 
values, we obtained the coefficient a(d) =  e2d2 ¡2M c2, which enters in the 
Boltzmann population (e”aB /,fiflT) of the P  =  0 IE, When d increases 
with bias, the number of thermally excited excitons thus decreases more 
rapidly with magnetic field. The calculated magnetie-field dependence of 
the Boltzmann population of the P  = 0 IE is plotted in Fig, 6.3(b) for 
the considered biases (the curve at -5 V, indistinguishable from the one 
at -4 V, is omitted). The agreement with the experiment [Fig, 6.3(a)] is 
remarkably good, and confirms the validity of our model.
We stress that our results can be only explained by excitonic effects, 
since the free e — h recombination would not depend on d /l2B as for the IE, 
Instead, the free-carrier recombination would be more strongly suppressed 
at lower reverse bias-when the electrons are less localized in the NW-than 
at higher reverse bias, which is opposite to the experimental trend [Fig, 
6.3(a)],
6.4 Possible extensions of our study
The spectroscopic technique demonstrated in this Chapter paves the way 
to many future studies, some of which we would like to propose here.
Firstly, the motion of the optically-active excitons in the direction 
perpendicular to both the magnetic field and the growth direction could be 
detected by means of spatially resolved spectroscopy. Such studies would 
be important to study the dynamics of the IE in a parallel magnetic field.
Secondly, a consequence of our experiment is the accumulation of 
ground-state excitons at rest that do not recombine optically, since they 
have a finite momentum P  =  edB/c. The in-plane magnetic field tunes 
thus the recombination lifetime of the IE’s at rest to very high values, 
without affecting their binding energy. This can lead to the formation of 
a low-temperature exciton gas in thermodynamic equilibrium, which may
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possibly undergo Bose-Einstein condensation [10],
Finally, the technique described in this Chapter can be applied in situ­
ations in which the exciton dispersion deviates from the usual free-particle 
like behavior with an energy that depends quadratieallv on momentum. 
Such exciton states, which could display a finite-A; roton minimum, have 
been predicted by Yu, E, Lozovik and A, M, Ruvinsky [13] for closely- 
spaced e — h layers in magnetic fields perpendicular to the 2D planes,
6.5 Conclusions
We have shown that the PL of IE in a biased ADQW in the presence of 
in-plane magnetic fields can be used to determine the IE CM dispersion 
(Eq, 6,2), This unique possibility arises from the shift of the IE dispersion 
in A;-spaee by an amount Q = e d B /c , which makes it possible to observe 
the PL of states that are otherwise optically forbidden. We can describe 
quantitatively the magnetie-field dependence of the IE PL intensity and 
peak position, as well as the behavior as a function of bias, i.e. e — h 
spatial separation. We believe that our experiments are the first direct 
demonstration of the fundamental relation (6,1), which arises from the 
simultaneous breaking of spaee-inversion and time-reversal symmetry in 
the system,
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Sum m ary
This thesis describes optical and transport measurements of spatially- 
separated 2 D e - / i  layers at low temperatures (between 50 mK and 4,2 K) 
and in high magnetic fields (up to 20 T), These systems are qualitatively 
more complex than just the sum of their components, i.e. the uncoupled 
2d layers of electrons and holes. Our attention was particularly addressed 
to the spatially indirect excitons (IE), bound e-h pairs, which form in 
these structures at low temperature and under specific bias conditions. 
Part I describes the properties of GaAs/AlAs p-i-n single barrier het­
erostructures, where 2D e-h layers of equal density are formed under for­
ward bias. In these systems, that are described described and character­
ized in Chapter 2, the e-h distance is approximately fixed to ~  25 nm, 
whereas the e-e (h-h) distance is tuned by the applied voltage. When 
de-h ~  de- e, there is a strong competition between the attractive inter­
laver forces and the repulsive intra-laver ones. In Chapter 3, which is the 
most important of Part I, we focus on this regime and we study a novel 
feature in the low temperature I(V)  (T  < 300 mK at B =  0), which is 
discontinuous and bistable at the same time. The two branches of the 
hysteresis showed very different properties under application of magnetic 
fields in the directions either perpendicular or parallel to the layers. In par­
ticular, whereas the HCS behaved like a normal 2D gas, the LCS showed 
very peculiar properties, such as a phase-shift in the MO of the tunnel 
current, a density ~  10% lower than that of the HCS at the same bias, 
the absence of fractional minima v =  1/3 in the MO, and an increase of 
current in the presence of in-plane magnetic fields B < I T, We propose 
that the LCS can be described as a gas of spatially-indireet excitons. In 
our picture, the bistability arises from the transition between an IE gas 
and the uncoupled e — h gases. The hysteresis would be a direct conse­
quence of the inter-plav between intra-laver (e — e, h — h ) repulsion and
Summary
inter-laver (e — h) attraction. The limitations of this model and the pos­
sibility of other mechanisms were also discussed extensively. In Chapter 
4, which is the most descriptive and speculative, we presented the opti­
cal properties of the abovementioned SBH, Although our measurements 
showed some interesting and new aspects, we could neither link these data 
to the previous Chapter, nor explain them in terms of the e — h interaction. 
In Part II, we describe the optical study of IE that form in Asymmetric 
Double Quantum Wells (ADQW) under reverse bias. In these systems, it 
is possible to confine electrons and holes in different wells by an external 
electric field; the e — h distance is ~  10 nm, and the indirect excitons are 
well formed, with a binding energy of ~  3,5 meV, Chapter 5 describes 
the dependence of the photoluminescence (PL)spectra on the laser exci­
tation intensity, and the measurements in a magnetic field perpendicular 
to the layers. The IE PL is very sensitive to laser intensity, since the IE 
long lifetime allows the accumulation of a large amount of charge in the 
ADQW, which creates an electric dipole that opposes to the external field. 
In a magnetic field perpendicular to the layers, we observed an anoma­
lously large shift of the IE lines towards higher energies. We attribute this 
surprising behavior to a magnetic-field-induced increase of charge in the 
ADQW, We show that this phenomenon arises from a complex balance 
between exciton diffusivitv, non-radiative recombination processes, and 
possibly also tunneling probabilities and charge trapping in the QW’s,
In Chapter 6, the last and maybe most important of this Thesis, 
we report on the first direct optical observation of the exciton energv- 
momentum dispersion, which we achieved in our ADQW by application 
of a magnetic field parallel to the layers. In our structure, this observation 
is made possible by the simultaneous breaking of spaee-inversion and time- 
reversal symmetries, which shifts the indirect exciton dispersion e ( K ) in 
k-space by an amount proportional to both B  and the e — h distance. As 
a consequence, the PL signal arises from states with finite center-of-mass 
velocity, which are thermally populated according to a Boltzmann distri­
bution, Our interpretation is confirmed by the measurements at different 
biases, which allow to probe the shift in A;-spaee for different values of d.
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Sam envatting
Dit proefschrift beschrijft optische en elektrische metingen aan halfgelei­
der heterostrukturen, waarin zich ruimtelijk gescheiden twee-dimensionale 
(2D) elektron-gat (e — h) lagen bevinden, De experimenten zijn uitgevoerd 
bij lage temperaturen (tussen 50 mK en 4,2 K) en in hoge magnetische 
velden (tot 20 T), Deze systemen zijn uitermate geschikt voor het bestu­
deren van de koppeling tussen de twee afzonderlijke elektron en gat lagen, 
en we hebben onze aandacht met name gericht op de eigenschappen van 
ruimtelijk gescheiden gebonden elektron-gat paren, de zogenaamde indi­
rekte excitonen, die in deze strukturen gevormd kunnen worden onder de 
juiste experimentele omstandigheden.
Deel I van het proefschrift beschrijft de eigenschappen van GaAs/AlAs 
p-i-n enkele-barrière heterostrukturen, waarin de twee lagen met elektro­
nen en gaten een gelijke dichtheid hebben, In deze systemen, die in hoofd­
stuk 2 beschreven en gekarakteriseerd worden, wordt de afstand tussen de 
twee lagen met elektronen en gaten (de^ h ~  25 nm), volledig bepaald door 
de geometrie, terwijl de onderlinge afstand tussen de elektronen (e — e) 
en gaten (h — h) binnen een laag gevarieerd kan worden met de aange­
legde spanning. Voor een bepaalde spanning is de-h ~  de- e, en in dit 
geval zijn de attractieve (e — h) krachten tussen de lagen vergelijkbaar 
met de afstotende (e — e of h — h) krachten binnen de lagen. Onder 
deze speciale omstandigheden ontwikkelt zich een nieuwe discontinuiteit 
en bistabiliteit in de spanningsafhankelijkheid van de tunnelstroom door 
de barrière [I(V) karakteristiek] bij lage temperaturen (50 mK), welke 
bestudeerd wordt in hoofdstuk 3, In een magneetveld blijken de twee 
toestanden van de bistabiliteit zich geheel verschillend te gedragen. Ter­
wijl de toestand met hoge elektrische stroom (HCS) zich gedraagt zoals 
een regulier twee-dimensionaal elektron gas (2DEG), gedraagt de toestand 
met lage stroom (LCS) zich wezenlijk anders, De LCS vertoont namelijk
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1) een fase verschuiving in de magneto-oseillaties in de stroom; 2) een 
ladingsdragersdiehtheid die ongeveer 10% kleiner is dan die van de HCS 
onder dezelfde externe spanning; 3) een toename van de stroom in een 
magneetveld B  < 1 T parallel aan de 2D lagen, in tegenstelling tot de ge­
bruikelijke afname gemeten voor de HCS; 4) géén minimum in de stroom 
behorend bij de fraetionele vulfaetor u =1/3, terwijl deze wel wordt waar­
genomen voor de HCS, Aan de hand van deze waarnemingen concluderen 
wij dat de LCS wellicht beschreven kunnen worden als een gas van indi­
recte excitonen, voortkomend uit de koppeling tussen de twee lagen met 
elektronen en gaten, In dit model wordt de de bistabiliteit veroorzaakt 
door een faseovergang tussen enerzijds een gas van indirecte excitonen en 
anderzijds de onafhankelijke elektron-gat lagen. Tenslotte worden in hoof- 
stuk 3 de beperkingen van dit model en de invloed van andere processen, 
die eventueel ook een rol zouden kunnen spelen, uitgebreid besproken,
In hoofdstuk 4 worden de optische eigenschappen van de bovenge­
noemde enkele barrière heterostrukturen gerapporteerd, De fotolumines- 
centie intensiteit blijkt sterk afhankelijk van de vulfaetor, Pas voor vul- 
factoren v < 2 nemen we fotolumineseentie waar afkomstig van de 2D 
elektron-gat lagen, De luminescentie vertoont een mimimum in de inten­
siteit voor vulfaetor v  =  1, is sterk gepolariseerd, en verder schuift de 
piekgolflengte als functie van de ladingsdragers dichtheid. Desalniettemin 
vinden we geen enkel direct bewijs voor een koppeling tussen de elektron­
gat lagen, en zouden de waargenomen effecten ook verklaard kunnen wor­
den door een regulier 2DEG,
In Deel II van dit proefschrift bediscussiëren we een optische studie 
van indirecte excitonen in een asymmetrische dubbel quantum put struk- 
tuur, die bestaat uit twee GaAs quantum putten gescheiden door een 
dunne AlGaAs tunnelbarrière, In deze struktuur kunnen de elektronen en 
gaten, die optische geëxciteerd worden, in de verschillende putten opgeslo­
ten worden door de aanleg van een externe elektrische spanninng, In dit 
geval bedraagt de afstand tussen de ruimtelijke gescheiden elektronen en 
gaten ongeveer 10 nm, wat correspondeert met een exciton bindingsener- 
gie van ongeveer 3,5 meV, Hoofdstuk 5 beschrijft de afhankelijkheid van 
de fotoluminescentie spectra van de laser intensiteit en een magneetveld 
loodrecht op de lagen, De fotoluminescentie intensiteit van de indirecte 
excitonen hangt sterk af van de laser intensiteit. Vanwege het feit dat 
de indirecte excitonen een lange levensduur hebben, kan hun concentra-
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tie hoog oplopen, De ruimtelijke scheiding van de elektronen en gaten 
resulteert daarom in een aanzienlijk elektrisch veld tegengesteld aan het 
externe veld, en in een verschuiving van de piek energie van de luminescen­
tie, In een aangelegd magnetisch veld zien we daarnaast een onverwacht 
grote verschuiving van de piek energie naar een hogere energiewaarde. Dit 
effect wordt veroorzaakt door een complexe balans tussen exciton diffusi- 
viteit, niet-stralende recombinatie, tunnel processen, en ladingsophoping 
in de quantum putten, welke allemaal magneetveld afhankelijk blijken te 
zijn, In Hoofdstuk 6 beschrijven we de eerste directe optische observatie 
van de energie-momentum relatie van indirecte excitonen in de hierboven 
beschreven dubbele quantum put struktuur. Door een magneetveld aan 
te leggen parallel aan de 2D lagen wordt gelijktijdig zowel de ruimtelijke- 
inversie als de tijdsomkering-svmmetrie gebroken. Dit heeft tot gevolg dat 
de dispersie van de indirecte excitonen verschuift in de momentum-ruimte, 
De grootte van deze verschuiving is rechtevenredig met zowel de sterkte 
van het aangelegde magneetveld alsook de afstand tussen de elektronen en 
gaten. Als zodanig wordt het fotoluminescentie signaal veroorzaakt door 
bewegende indirecte excitonen die toestanden bezetten met een momen­
tum gelijk aan nul, We vinden dat de fotoluminescentie intensiteit daarom 
afneemt met toenemend parallel magneetveld en dat de verschuiving van 
de piek energie met veld precies de exciton dispersie volgt.
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